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Jet fuel from crude petroleum oil is known as the most efficient energy carrier for the aviation 
sector. Environmental concerns and economic pressure drive major industries to adapt to 
current global revolution towards alternative, sustainable, and clean fuels.  In this study 
conversion of algae biomass to jet fuel is presented as a novel technology of low carbon 
footprint and a cost-effective jet fuel. In this current study, it is reported that there is a 
possibility of substantially converting microalgae oil into aviation fuel by adapting and 
applying the same processes used for the conversion of fossil crude petroleum oil into 
conventional jet fuel. The drawback, however, remains the low oil output from used species of 
microalgae and the general operating costs which are still at developmental stages.  
A part from the introduction and the literature review making respectively chapter 1 and 
chapter 2, this study, therefore, has focused on the magnification of lipid production and the 
simplification of the conversion processes in chapter 3. Microalgae cells were physiologically 
stressed by totally depriving them of all growth nutrients for three days aiming to modify their 
genetic physiology which in turn will favour the yield of lipid and bio-oil. An elaborate 
experiment was established from algae biomass cultivation to jet fuel production. The 
experiment involved biomass cultivation, harvesting and bio-oil extraction using a solvent 
mixture made of methanol and chloroform. Thermal cracking without catalyst or pyrolysis of 
crude bio-oil were undertaken to break down the carbon chains in order to complete the 
fractionation.  ASTM methods and standards related to aviation fuels were used to generate the 
relevant data.   
The conceptual design with a simplified conversion process undertaken in chapter 4 was 
established based on the experiment completed in chapter 3. It suggested to cultivate the 
species in domestic wastewater ponds or use the seawater/saline water because the used species 
was comfortable in saline or marine environment. Parameters such as density, kinematic 
viscosity, flash point, freezing point, total sulfur, net heat of combustion and distillation were 
evaluated during the experiment in chapters 3 and 4. It was found that the majority of 
parameters analysed regarding the algae-based jet fuel from the laboratory was complying to 
ASTM standards. However, it will require additional processes such as upgrading and 
reforming to enhance the quality of jet fuel and improve the level of some parameters such as 
density and freezing point which were not rigorously complying with ASTM standards. Also, 




ability and freezing at higher altitudes.  The scaling up of the production process is still a 
challenge due to operating costs. In this regard, blending algae-based jet fuel and the 
conventional jet fuel in 50/50, 80/20 and 20/80 ratios was carried out and evaluated in 
 Chapter 5 and Chapter 6 as an alternative approach for sustainability. 
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                                CHAPTER 1 PREFACE  
The current chapter provides the background information and the methodological approach 
used in this study. The research problem, research question, hypotheses and expected results 
including the aims and objectives are outlined.  In addition, the knowledge contribution related 
to algae hyper synthesis of lipids, algae-based jet fuel production and blending options is 
included. The chapter concludes with the organization of the dissertation and individual chapter 
content. 
                     CHAPTER 1:  INTRODUCTION  
 
1.1 BACKGROUND AND SIGNIFICANCE  
The world’s demand for energy is increasing yearly and the current production patterns are not 
sustainable. According to International Energy Agency (IEA), the world uses over 85 million 
barrels of petroleum per day and global primary energy demand is growing at a rate of 1.6% 
per year.  This implies that global primary energy demand will double over the next  
40 years.  In addition, the IEA estimates that there is a need to introduce over 30% zero carbon 
fuels into the global energy pool to stabilize atmospheric CO2 levels.  As the focus on 
environmental protection is increasingly dominant and the volatility of oil prices is an 
undeniable reality, many countries are considering the use of renewable energy to prevent any 
foreseeable and unforeseeable energy crisis in the near future. It is well known that the world 
is seriously relying on fossil-based fuels for energy production and transportation activities. 
Unluckily, this type of fuels despite their costs competitiveness compared to biofuels, are 
known to be non-environmentally friendly with tons of greenhouse emissions being released 
daily into the atmosphere. Greenhouse emissions are the main cause of global warming and 
climate change. Hence, the consequences linked to climate change and global warming is 
immeasurable in today’s environmental context. Furthermore, the global increasing demand 
for energy as mentioned earlier is becoming a challenge today because of the increasing need 
of products and chemicals used for the production of energy. Also, the limited world reserves 
in terms of fossil fuels become a cause for concern for future generations. A need for innovative 
solution to secure a better future in transportation fuels and energy production is very vital. 
Emerging technologies and continued innovation hold the promise of real solutions through a 
combination of energy efficiency and new renewable energy.  There is a need for solutions that 




wind, solar and hydrogen energies have been developed as alternative options to fossil-based 
fuels, these energy forms are not practical in meeting transportation needs due to size, scale, 
and costs application. The best alternative could be biofuels, ethanol from corn and crop-based 
biodiesel. They have positive and energy yields; however, they are inefficient in production. In 
addition, they increase demand for crops causing inflation of food crisis. Also, they require 
large acres of agricultural lands. Cost of aviation fuels and its critical handling poses challenges 
and limits the extent of travel. Altitude and routes set by aviation authorities are constrained 
by the properties of aviation fuel. The freezing point of a commercial fuel is - 40°C. This 
temperature is reached sometimes at an altitude of around 10000 m. Beyond this altitude, there 
is a risk of fuel solidification. Aircraft have heating systems to avoid jet fuel solidification. 
Similarly, antifreeze additives are added to jet fuel before usage. Algae-based oil was 
investigated to find out on its eventual freezing properties.   
Algae from cold to freezing habitats synthesise oils as energy reserves that have a lower 
freezing point. This is a highly explored and could be one of the foremost in the renewable 
energy market more especially for jet fuel production. Though algae-based fuels present some 
challenges such as low lipid content for many species, high costs for harvesting and drying, 
algae require fewer inputs, it is the very fastest growing biomass and can be grown anywhere, 
there is no stress on food or agricultural related products, therefore, solving most problems 
related to traditional crop-based fuels. The main benefit of using algae compared to other 
biofuels is that algae do not compete with agricultural or limited resources such as water and 
lands. Algae have the potential to reduce the generation of greenhouse gas (GHG) and to 
recycle CO2 emissions from flue gases generated by power plants and natural gas operations. 
This is a very important fact because the growth of algae is dependent on the amount of carbon 
dioxide. Therefore, power plants can reduce reasonably their CO2 emissions into the 
atmosphere by supplying CO2 to algae producers; however, this will require more studies in 
terms of storage and transportation of CO2 to the cultivation site. Consequently, algae 
processing plants will not only produce fuels but will also assist in reducing the effects of 
climate change in a specific environment. However, it is important to stress the fact that the 
literature on algae-based transportation fuels is very scarce and also not many studies 
undertaken in this specific field are accessible to the public domain. Previous studies focusing 
on processes such as solar conversion into renewable liquid transportation fuel developed by 
Chisti (2007)[1] were proven to be technically feasible. The economics of producing such 




costs concern, an efficient process that provides high-quality algae-based jet fuel at competitive 
costs will be a sustainable option. In this regard, there are some documented methods of 
converting microalgae oil to jet fuel focusing on hydroprocessing. During this process, oil is 
reacted with hydrogen over a catalyst and then isomerised to produce a targeted mixture of 
alkanes, water, CO2. The alkane mixture can be fractionated to produce a synthetic jet fuel. 
This process was only demonstrated at non-commercial scale and the production of hydrogen 
was an added cost to the overall process [2]. Also, catalytic cracking and reforming processes 
were explored on the small scale but not at large scale [2]. Furthermore, a limited number of 
solvent-based processes was assessed at large scale with some success. However, the 
economics of the processes have demonstrated that the costs of drying algae biomass added to 
the overall costs required significant energy. [3] Conversely, another variant of organic solvent-
based processes process is extraction by in situ transesterification. [2] In this approach, the 
bound lipids are released as methyl esters produced by directly adding the catalyst and 
methanol to the dried algae. While this method has been used at large scales also, the approach 
works best using dried algae and therefore is not cost effective since energy is also required for 
drying the biomass [4].  Recently, another ground-breaking study completed in Japan by Kanda 
(2011) [5] involved the use of Liquefied dimethyl Ether (DME) to skip harvesting and drying 
processes. During this process, green crude oil was successfully extracted from blue-green 
microalgae. DME is used as a solvent; its molecules disperse inside cells through cell walls 
and bind strongly to the oily components. Its boiling point is 25°C and but liquefied under 
20OC.[2] This method was capable of extracting 60 times green oil compared to other methods 
described previously. DME is recovered as vapour only through depressurisation step because 
it evaporates at room temperature. There is no commercial plant is operational up to date using 
this method. [5] The cost aspects and life cycle assessment (LCA) are not part of this study, 
maturing the conversion technology appears to be a priority before undertaking costs and LCA.  
The current study will focus on a laboratory experiment to establish the techniques and generate 
some operational data essential for scaling up the technology in future studies. A marine algae 
strain known as Nannochloropsis sp contains on average 40 to 60 % of lipids can be a potential 
candidate for the production of jet fuel. Production of biofuels from oil crops suffers from a 
handful of drawbacks such as expensive raw material. Marine species are economically ideal 
alternatives compared to oil crops. Microalgae are known to grow faster in water/wastewater 




Microalgae species such as Nannochloropsis are viewed as a promising alternative because 
they contain extensive fatty acids and lipids.[6,7] Nannochloropsis species are challenging to 
identify because of the cells small size and are characterised by unique features related to the 
absence of chlorophyll b or c. Nannochloropsis is able to attain over 60% lipids increase after 
nitrogen starvation, this makes their candidacy in a higher spot for biodiesel production. 
Nannochloropsis has the ability to grow briskly and synthesize a large amount of 
triacylglycerols (TAG) and high-value polyunsaturated fatty acids such as eicosapentaenoic 
acid that can be converted into jet fuel for the aircraft industry.  
Jet-fuel can have 14 to 16 short carbon chains known as middle distillate carbon chains and the 
TAG is known for a high percentage of short chain fatty acids. This is a key feature of this 
species to be explored regarding the possibility of producing jet fuel from Nannochloropsis sp.  
1.2 AIM & OBJECTIVES 
 
The study aims to produce jet fuel from microalgae that complies with stringent regulations 
and standards currently established in the aviation industry.  
To fulfil this aim, there are objectives to be achieved. These objectives are summarized as 
follows:  
1.    To increase the lipid content in algae biomass in order to improve the bio-oil output 
essential for conversion processes. (Chapter 3)  
2.    Develop a simplified process from microalgae cultivation to jet fuel production:  a 
laboratory process from the experiment and its simulation at a larger scale. (Chapter3 and 
Chapter 4)   
3.    To suggest options to improve the fuel quality to the standards required in the aviation 
sector (Chapter 3 and Chapter 4) 
4.  Analyse the efficiency and sustainability of blending algae-based jet with Jet A1 using 









1.3 HYPOTHESES AND EXPECTED OUTPUTS 
 
1.3. 1 Hypothesis 1 
 lipid content from Nannochloropsis sp will increase by implementing total nutrients starvation 
of microalgae cells.  
1.3.2 Hypothesis 2  
The same conversion processes used for conversion of crude petroleum oil to conventional jet 
fuel can be used and adapted to convert microalgae oil into jet fuel.   
1.3.3Expected output  
The expected output will include data generated from microalgae cultivation to the final 
product being jet fuel. The data will consist of physico-chemical parameters such as lipid 
content, kinematic viscosity, density, net heat of combustion, freezing point, flash point, 
distillation temperatures, total acidity, total sulfur and Conductivity. All these parameters are 
analysed using ASTM standards for compliance regarding jet fuel quality.   
1.4 RESEARCH PROBLEM AND QUESTION 
 
Globally, energy production is amongst one of the key factors that are essential to economic 
and industrial development. However, the production of fossil fuels through petrochemical 
processes is seen as the major cause of environmental pollution and climate change effects.  
Furthermore, reserves of world fossil fuels resources are very limited and may lead to scarcity 
in the near future. In addition, a price fluctuation for petroleum products is another issue that 
affects the economics of users of petroleum-derived products.  
To reduce dependence on fossil fuels and produce cost-effective fuels, microalgae conversion 
to fuels is one option to be explored in order to meet the costs (capital and production) and 
environmental requirements.  Today, the on-going research for algae-based biofuels seeks to 
improve technologies in order to enable the production of jet fuel and other biofuels to the 
commercial level. Several projects on algae-based biofuels have been achieved on laboratory 
and pilot scales but none of them has been implemented at a larger scale for commercialisation. 
The feasibility for competitive algae-based fuels remains a challenge because it requires a 
sustainable conducive technology to lower costs and make algae-based fuels competitive. 
In the area of aviation fuels, it is reported that the production of jet fuel can technically be 




improve the operation costs for conversion processes. It is important to emphasise that high 
lipids production is a key aspect of the production of the high amount of oil essential for jet 
fuel manufacturing. Increasing lipids depends on the type of strains or species type,  
the cultivation conditions and mainly the starvation technique.  
The development of low costs algae-based jet fuel for both small and large scales are greatly 
needed in the current environmental and economic context. This requires getting operating 
costs similar or competitive to the ones applied to the manufacturing of conventional jet fuel. 
It can partly be possible by duplicating and adapting petrochemical processes and operating 
conditions to produce algae-based jet fuel. However, processes such as cultivation of biomass, 
biomass harvesting and the physiological modification of microalgae cells require an effective 
technology to produce cost-competitive algae-based jet fuel. This constitutes one of the main 
problematics encountered in this field of algae-based fuels particularly for algae-based jet fuel.   
Technically, it is expected that algae-based jet fuel does not have to freeze at higher altitudes; 
it has to generate high heat energy and must be lighter or less dense with excellent flow 
properties. Therefore, the question to be answered in this study is formulated as follows: Given 
the fact that renewable microalgal oil is similar to crude petroleum oil in terms of quality and 
it can generate a fuel with a low carbon footprint [8,9]; is it possible to convert microalgae oil 
from Nannochloropisis sp into a jet fuel that complies to relevant ASTM standards?  
In case the answer is affirmative some more questions will rise on how and to what extent it is 
possible. These questions constitute the basis of this study. The appropriate answers are relying 
on the methodological approach undertaken in this current study.   
 Costs aspects and life cycle assessment (LCA) are not part of this study, the relevant 
technology for conversion processes has to reach a level of maturity on a large scale before 
undertaking costs and LCA studies. The current challenge is focusing more on the development 
of effective processes or technology to manufacture a competitive and sustainable jet fuel from 
microalgae.  
 
1.5 METHODOLOGICAL APPROACH  
The general approach to achieving the objectives of this study was undertaken on laboratory 
experiment. The experiment aimed to establish the process required to convert microalgae to a 
jet fuel that will be in accordance with the aviation fuel standards as mentioned before.  
The laboratory experiment generated data from various steps. This data provided necessary 
information to be used for process simulation. The simulation engine assisted on designing the 




The methodological approach was structured as follows: 
1.5.1 Cultivation    
The growth of cells and biomass productivity were monitored daily. Biomass growth curves 
were plotted showing all growth phases. Samples were collected in triplicate, using 1 l flasks. 
The cells of Nannochloropsis sp were cultivated under define operating conditions including 
the temperature, salinity and defined illumination mode. Nutrients were supplied to 
Nannochloropsis sp cells by F/2 media during cultivation for an efficient growth. Microalgae 
cells were mixed by aeration within the growing biomass to allow the exposure of the cells to 
the light. The pH of the microalgae was monitored on daily basis to make sure that 
Nannochloropsis sp is growing under acceptable pH values which should neutral. 
Nannochloropsis sp is a marine species, the salinity of the growing environment (domestic 
saline wastewater) was kept at 30 ppt (gr/l) representing the average salinity for an effective 
growth relevant to the nature and type of species used. The biomass production was monitored 
daily with a spectrophotometer. This also assisted in quantifying Chlorophyll A needed for 
the plotting of the growth curve.  
1.5.2    Biomass harvesting  
This process was undertaken immediately after reaching the stationary growth phase.  
It was achieved by using a centrifuge at 4000 rpm for 10 minutes.  
1.5.3    Physiological modification 
 Previous studies have used partial starvation of key nutrients to boost the lipid content of 
species in order to increase their lipid content. In this study, stressing microalgae in an 
environment free of nutrients was undertaken in order to assist in modifying the species 
physiology aiming to stimulate the species metabolism aiming to increase its lipid content.   
1.5.4    Extraction of crude bio-oil 
Solvent-based extraction was used to get the oil stored in the biomass. The mixture of methanol 
and chloroform was used for crude bio-oil extraction  
1.5.5    Conversion of bio-crude oil into jet fuel 
A process was simulated using ASPEN HYSIS V8.8 package for the conversion of algae crude 




1.5.6    Jet fuel characterisation 
This was conducted to verify the compliance of the produced algae-based jet fuel with the 
required aviation standards. 
1.5.7    Blending of algae-based jet fuel with the conventional jet fuel 
This was done using various ratios in order to develop a new jet fuel from the mixture of algae-
based jet fuel and conventional jet fuel.  
 Briefly, the methodological approach used for this study is summarized in Figure 1 which 
includes the main steps from cultivation to jet fuel production.                                                 
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1.6 CONTIBUTION TO KNOWLEDGE 
In the past, various studies dealing with algae-based fuel have used physiological manipulation 
by partial nutrient starvation to increase algae lipid content. In most cases, nitrogen starvation 
was the most used for many strains by the majority of studies.  It was reported that under 
environmental stress conditions such as nitrogen starvation, microalgal cells accumulate lipids 
as the main carbon storage compound. Synthesis of lipids and their deposition into cytosolic 
lipid bodies may be, with exceptions, the default pathway in some species under stress 
conditions [10]. Producing a high amount of lipids remains a significant challenge and requires 
novel methods to maximize microalgae lipid content essential for conversion processes.  
Apart from this challenge, the scaling up of the technology still not yet achieved. Up to date, 
there is no plant at large scale that produces jet fuel from microalgae, there is a need to design 
and simulate a process comparable to the one used for conversion of crude oil into conventional 
jet fuel as mentioned earlier. Therefore, the contribution to knowledge from this study is 
established on the following facts:  
1.    In previous studies, the lipid increase was achieved via partial nutrients starvation or 
enzymatic processes as mentioned earlier. The current study has established another approach 
for microalgae cells physiological modification to enhance lipid increase based on total 
nutrients starvation. The increase of lipid content was achieved by genetically manipulating 
microalgae cells switching back and forth between normal growth and lipid increase in order 
to maintain high rates for both.  Total nutrients starvation was completed in a maximum period 
of 3 days to avoid cells death. 
2. A conceptual design based on the laboratory experiment was developed in order to simulate 
a complete conversion process to be used on a large scale. This process involved the same 
processes used to produce conventional jet fuel in a petrochemical plant. The simulation of the 
conceptual design was successfully completed. Therefore, microalgae oil can be used in a 
petrochemical refinery plant to produce jet fuel of a similar quality compared to conventional 
jet fuel 
3. Blending in 50/50 ratio algae-based jet fuel and conventional jet fuel. Although this blending 
option is ASTM certified regarding the blending of biomass led fuels and fossil fuel, this 
blending option also illustrates the potential of algae-based jet fuel in complying with ASTM 
standards and the possibility to reduce carbon footprint when blending conventional jet fuel 




4. Blending algae-based jet fuel in ratios of 80/20 and 20/80 which are not ASTM certified to 
provide more insight regarding these blending options. These new blending options have 
displayed its potential to comply with ASTM standards for aviation fuels. Most parameters 













































                 CHAPTER 3: 
MICROALGAE PROCESSING 
FOR JET FUEL PRODUCTION: 
The chapter is a complete 
laboratory experiment from 
microalgae cultivation to jet fuel 
production: Unit processes and 
operating conditions are the focus 
of the chapter. The chapter is a 
research paper  
 
CHAPTER 2: 
REVIEW OF THE LITERATURE:  
The chapter is a comprehensive analysis 
focusing on the conversion possibilities 
from microalgae to jet fuel and the current 
gap to be filled in order to the produce a 
sustainable algae-based jet fuel. The 




 Provides an overview of the 
study in terms of background, 
aims and objectives, research 
question, hypotheses, 
methodological approach and 
knowledge contribution 
             CHAPTER 4: 
CONCEPTUAL PROCESS 
DESIGN AND SIMULATION 
OF MICROALGAE OIL 
CONVERSION TO AVIATION 
FUEL: The chapter focuses on 
process design and simulation 
based on the laboratory experiment 
undertaken in chapter 3. The 
chapter is a research paper  
 
CHAPTER 5 
NEW JET FUEL FROM 
BLENDING ALGAL JET FUEL 
AND JET A1 IN 50/50 VOLUME 
RATIO: The chapter focuses on 
analysing the quality of 50-50 
blended jet fuel in terms of 
compliance. The chapter is research 
paper under review. 
 
   
 
            CHAPTER 6   
NEW JET FUEL FROM 
BLENDING MICROALGAE-
BASED JET FUEL AND JET A1 
IN A 20-80 AND 80-20 RATIOS 
RESPECTIVELY: The chapter 
focuses on analysing the possibility 
for compliance regarding the 










                 Figure 2: Theoretical framework of the thesis outline  
Figure 2 presents the framework of the current thesis made of seven chapters, the content of 
each chapter is briefly explained.       
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                                                 CHAPTER 2 PREFACE  
This chapter is written in the form of a research article published in Renewable and Sustainable 
Energy reviews journal (Elsevier), minor changes were made to improve the flow, and clarity 
of the published review article. The chapter is a gathering of information related to the current 
state of various possibilities or options to be explored regarding the conversion of algae bio-oil 
into jet fuel. As a review, it is a comprehensive analysis of various conversion processes 
including their strengths, weaknesses and the current gap to be filled in this field. It contains 
some details on various technological developments, fuel readiness, opportunities, challenges 
for use in aviation and compatibility with existing systems. This review has highlighted and 
emphasised on the potential that some processes are presenting over the others in order to 
achieve the conversion of algae bio-oil into jet fuel. From the details gathered in this review 
algae bio-oil is an excellent candidate to produce aviation with low carbon content.  The copy 
of the original published article is in APPENDIX A1 as indicated before in the declaration 
section.  
              
















               CHAPTER 2: LITERATURE REVIEW  
POSSIBILITIES FOR CONVERSION OF MICROALGAE OIL 
INTO AVIATION FUEL: a Review  
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The aviation sector relies on petroleum jet fuel because it is the most efficient energy carrier. Due to 
environmental and economic concerns, a strong demand for alternative fuels is emerging. There is a 
need for diversification of energy sources from natural resources. These resources must be 
environmentally friendly and costs effective. Environmental impacts of fossil fuels on global warming 
and climate change are being a major concern today.  Furthermore, the fluctuations of oil prices and 
need for sustainable fuel supply are the strong drivers for the economies of fuel users. In the aviation 
sector, Jet fuel from microalgae is one of the alternatives receiving considerable attention; it offers the 
potential to diversify energy sources. Microalgae species can produce lipids; they do not require high 
use of land, do not need freshwater, can grow in marine water or wastewater, grow faster in a very short 
period of time, the produced oil is not a threat to food security.  Similarly, the effect of climate change 
and global warming due to the generation of greenhouse gases (GHG) from petroleum jet fuel can be 
considerably reduced due to low carbon footprint generated by algae-based fuels. Therefore, algae-
based aviation fuels can be considered as an alternative to producing an efficient fuel compared to 
conventional fuels. Conversely, the key challenge is: many algae species have lower lipid content. 
Harvesting and drying processes are costly as well as upstream processes to convert microalgae oil into 
Jet fuel. Although algae biofuels are still small players in the aviation industry, there is a potential for 
the future. This review analyses some routes to be explored or already explored, their strengths and 
weaknesses, the current trends and possible conceptual approaches to get aviation fuel from microalgae 
oil. 
KEYWORDS: microalgae, Bio-jet fuel, harvesting, algal biofuel, microalgae oil, microalgae species  
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2.1 INTRODUCTION  
Global reserves of petroleum oil have decreased significantly during the last decades;   
a probable energy crisis could severely affect the world in the near future. Environmental and 
economic concerns are pressurizing the aviation industry to an extent of strongly influencing 
the industry growth. Despite the implementation of many international treaties aiming for the 
promotion of environmental sustainability, the aviation industry is requested to work toward 
the reduction of its environmental impacts. It can only be achieved by developing new 
technologies or by upgrading the current ones. Therefore, this will successfully promote the 
concept or idea of green aviation. An average of 705 Mt of CO2 has been generated in 2013 
from airlines operations; it is almost 2 to 3% of global anthropogenic CO2 emissions.
[1] 
Predictions show that this figure will increase between 1,000 and 3,100 Mt by 2050.  
The aviation industry has given itself a target to reach a carbon neutral growth status  
by 2020. [1] It is achievable through the pillars of innovation with the main focus on operations, 
air traffic management, environmental protection, safety and fuel processing technology and 
sustainability. Focusing on the last one, renewable energy from biofuels may constitute an 
acceptable alternative and possibly a reliable option in case the energy crisis deepens in the 
near future. However, production costs for bio-jet fuels are relatively higher compared to those 
for conventional jet fuels. Consequently, the selling price may become exorbitant.   
Higher production costs are attributed to factors such as relative immaturity of the technology, 
small number of active producers; producers of biofuels are focusing more on novel end 
products because of low funding in the biofuel markets.  Also, the costs of raw materials may 
be another cause of higher production cost for biofuels. It is reported that 80% of the operating 
costs are made up of raw materials costs regarding biofuel/ biodiesel production.[2] Therefore, 
it is necessary to look for suitable and alternative raw materials or crops capable of producing 
non-edible oil at low costs to produce biofuels than using edible vegetable oil for biofuel 
production.  
Microalgae species such as Nannochloropsis sp, Tetraselmis sp, Chlamydomonas sp, 
Synechococcus sp and many others can be an acceptable alternative compared to the edible oil 
used domestically because they do not constitute a threat to food security. They are 
photosynthetic cells growing at very high rates in an aquatic environment. Also, they are 
considered as emerging alternatives for biofuel production because their composition reveals a 
remarkable presence of fatty acids and lipids. Fatty acids and lipids are the main sources of 




attention in the biofuel market because of their high capacity to accumulate abundant amounts 
of triacylglycerols (TAG). These species are mainly used in the production of biofuels such as 
biodiesel, bio-hydrogen and bio-jet fuel. Bio-jet fuel from algae is gaining more interest and 
might become a very important deal with global implications in the near future. Firstly, there 
is a great focus on aviation biofuels to reduce the impact of climate change and global warming. 
This will also assist in reducing the operating costs in the aviation industry. Secondly, the 
petroleum or conventional jet fuel prices and their volatility have a severe impact on the 
business of airlines: because of fuel price fluctuations, there are rippling repercussions to 
economies of many airlines as well as many countries. Furthermore, there is a big market for 
jet fuel which is currently being served partially and the demand has kept its increasing trend 
due to the need which is growing yearly. The world consumption of jet fuel has almost tripled 
in 30 years; from 1,837,000 barrels/per day in 1980 to 5,220,000 barrels per day in 2010. About 
30% of the world consumption was used in the United States (1,398,130 barrels per day in 
2012).[4]These data are used for information regarding the trends but new data should be more 
informative.  
 Producing algae-based jet fuel will require a comprehensive identification of the potential 
technical, economic and environmental challenges.  Once these challenges are clearly 
identified and solved properly, there is a possibility to make bio-jet fuel from algae  
“a drop in” fuel which will strictly comply with the aviation fuel standards. The objective of 
this review is to highlight, analyse and suggest some possibilities/ processes or routes that will 
lead to jet fuel from microalgae oil. This study focuses on downstream processes, the 
feasibility, their strengths and weaknesses. It is important to stress on the fact that various 
routes for algae jet fuel production are technically possible but not costs effective and 
commercially viable to compete with conventional jet fuel. The economic studies and historical 
developments are not part of this article as they can be part of another detailed and specific 










2.2 COMMON POINTS BETWEEN PETROLEUM CRUDE OIL AND 
ALGAE CRUDE BIO-OIL  
Algae bio-crude oil extracted from species such as Nannochloropsis sp, Schizochytrium sp, 
Botryococcus braunii and many other species may have many similarities with petroleum crude 
oil in terms of hydrocarbons content and molecular structure.[5] The majority of petroleum 
crude oil originates from algae in marine environment or ancient algae deposit.[6] Petroleum 
crude oil consists largely of liquid hydrocarbons because it is mainly made up of carbon and 
hydrogen. On average 85% w/w of oil is carbon, 10-14 % of oil is hydrogen, oxygen accounts 
for 1 to 2 % and sulfur represents up to 4% of the oil total weight.[7] Petroleum crude oil 
originates from a compound named Kerogen; this compound is created in the marine 
environment by sedimentary rocks from a series of biochemical and/or chemical reactions 
called diagenesis and catagenesis.[8] It is transformed into crude oil under specific conditions 
of pressure and temperature. It is largely composed of algae, biodegraded organic compounds, 
plankton, bacteria and plant material. Various forms of Kerogen have different amounts of 
hydrogen relative to carbon and oxygen.[8] Qualitatively, algae crude bio-oil have similar 
molecules compared to petroleum crude oil, however, there are some differences 
quantitatively.[5] This is based on the fact that petroleum crude oil is derived from Kerogen and 
algae is part of Kerogen as mentioned before. However, algae crude bio-oil may differ slightly 
from petroleum crude oil depending on species features, the type and nature of species, as well 
as the species lipids content. Therefore, one of the main focuses of algae biotechnology is the 
development of biofuels making use of microalgae as the main raw material.   
 
2.3 COMPLIANCE AND CURRENT DRIVERS FOR ALTERNATIVE 
JET FUELS 
The biggest challenge for algae biofuel producers is to make jet fuel which is totally compliant 
with stringent regulations as it is the case with conventional jet fuel. Compliance is mainly 
focusing on physico-chemical properties or parameters such as cold flow property, energy 
density, energy content, kinetic viscosity, freezing point, concentration of aromatics, material 
compatibility, safety properties, flash point and thermal stability. The concept of compliance 
must also at the time be centred on combustion and kinetic aspects such as ignition and 
extinction characteristics, chemical kinetics, lubricity flame speed and flammability limits. 
Table 1 provides an overview of some requirements based on physico-chemical characteristics, 




Furthermore, compliance implies that jet fuel composition must display specific physico-
chemical characteristics that are critical for the fuel to perform efficiently. These features must 
strongly correlate with the composition of jet fuel knowing that the composition depends 
mainly on the raw crude oil, the type of refining process used and additives to improve the 
quality of jet fuel. Generally, the conventional jet fuel composition is roughly made up of 20% 
paraffin, 40% isoparaffin, 20% naphthenes and 20% aromatics.[9] However, additions are made 
to jet fuel in order for it to comply with environmental aspects and the expected performance. 
This data is given for information only and reports only on the main components of jet fuel. 
These components play a crucial role in the effectiveness of the fuel during operation. For 
instance, the heat density per unit mass of the fuel is greatly improved when the ratio hydrogen-
to-carbon from isoparaffins and paraffins is high; another fact is that naphthenes assist in the 
reduction of the freezing point, which is very critical at higher altitudes; aromatics contribute 
largely to material compatibility and prevent leaks in the seals of some aircraft.[9,10,11]  
Therefore, the composition of jet fuel can be regarded as a key aspect for compliance with the 
stringent standards used for aviation fuels which are namely ASTM D1655 of the American 
Society for Testing and Materials (ASTM) and Def Stan 91-91 of the UK Ministry of Defence 
 
Table 1: Summary of important jet fuel properties (derived from [11]) 
PARAMETERS   PURPOSE  
High Energy density  Impacts on the aircraft range  
Low Freezing point  Influences pumping capacity of the fuel at a lower temperature  
High Thermal stability  Clogging or fouling of fuel system and nozzles occur generally    
due to Coke and gum deposits during combustion. It prevents the 
chemical decomposition of the fuel. 
Viscosity   Influences the ability of the fuel nozzles to spray fuel and the capacity of 
the engine to restart at higher altitudes.  
Combustion features  To minimise the formation of particulates in the combustor and in the 
exhaust  
Adequate Lubricity  Affects the ability of the jet fuel to lubricate fuelling system and engine 
controls  
Material compatibility  The Jet Fuel interacts with metals and many others materials, it necessary 
to ensure an effective compatibility with materials in contact with jet fuel.   
Safety  Avoidance of explosions during   handling of the jet fuel and during its 
storage into containers  
High Specific energy  Decreases take-off weight and helps to improve the efficiency of the fuel 
High Flash point  Allow the fuel ignition for safe operation  
Aromatic compounds  Must be sufficient because it allows acceptable seal swell to prevent leaks 
in the fuel system.  
 
Alternative jet fuels such as algae-based jet fuels will require to satisfy many expectations 




the reduction of emissions that have an impact on climate change and global warming,  
the diversification and expansion of energy supplies, jet fuel should be less expensive in terms 
of capital and operating costs, there should be a possibility of scaling up without major 
constraints and producing large volumes of fuel without adversative effects on water and land 
resources, bio- jet fuel must perform as a’’ drop-in ‘’substitution or support for the conventional 
jet-fuel.[11] These characteristics can be summarized into three main aspects:  algae-based jet 
fuels must contribute to solving problems requiring efficient environmental sustainability, 
beneficial economic sustainability and energy diversification.[11] To solve this issue related to 
these characteristics there are challenges that need to be addressed effectively in order to meet 
compliance requirements. 
 
2.4 ALGAE- BASED AVIATION   FUEL: CHALLENGES  
Apart from the compliance aspect mentioned earlier, algae aviation fuels are faced with three 
types of challenges: biological, chemical and mechanical. In terms of biological challenges, 
strain selection is regarded as one of the main aspects to be considered because each strain is 
characterised by its lipid content.[5] Lipid content can affect biofuel productivity or yields. 
Furthermore, Nutrient requirements and circulation, growth rates, lipid productivity and 
optimization of photosynthetic efficiency are very important. They have to be meticulously 
monitored because they constitute the basis of an efficient growth. [5,12,13,64] The algal strains to 
be cultivated should be selected based on lipid production, biomass productivity, harvestability, 
resistance to contamination, optimal light intensity, tolerance of high oxygen levels and 
temperature extremes. Individual and collective effects in terms of biomass productivity, lipid 
contents of four strains of microalgae was recently studied by Eloka-Eboka and Inambao [64], 
the outcome is that the nature of strain/species has a direct impact on lipid biosynthesis, 
biomass productivity and the type of lipids produced. 
Chemical challenges are faced when dealing with processes such as oil extraction using a 
solvent, transesterification, chemical harvesting, quality of water and removal of toxic 
substances in water or wastewater used for algae cultivation.[5,14] Mechanical challenges are 
mainly based on maintenance issues and costs for cultivation units, harvesting, drying and oil 
extraction equipment such as oil press or impeller.[5] All these challenges make the production 
of Jet fuel from microalgae being more challenging but very possible if an efficient process 




2.5 POTENTIAL FOR MICROALGAE OIL TO BE USED FOR JET FUEL 
PRODUCTION 
 Carbon chain lengths in microalgae oil are almost similar compared to the ones in the crude 
petroleum as mentioned earlier. Generally, commercial and military jet fuels have carbon 
chains length ranging between 8 and 16 (C8 to C16).[15] The conversion of microalgae oil into 
jet fuel will require reducing the number of carbon chains within the required range as 
mentioned earlier. It can be achieved through the breaking down of long carbon chains under 
specific operating conditions defined by temperature, pressure and use of catalysts.  
This catalytic process aims to connect carbon molecules in order to get the configuration or 
chemical structure known for jet fuel. However, carbon chain configuration is not the only 
requirement to get a compliant fuel; there is also lipids content which is extremely important 
to acquire high output during downstream processes. It is therefore important to select strains 
with higher content in lipids in order to generate great output from conversion processes. Lipid 
characterisation is one of the most important steps to be undertaken before any study involving 
the production of algae biofuels. It helps determine the suitability of the strain or species for 
biofuel production.  Table 2 presents a summary of some previous studies completed on carbon 
chain profile for three species. The analysis of the data in table 2 reveals that these species are 
potentially suitable for aviation fuel or any other biofuel.  
 
The study confirmed that structure or carbon molecule configuration was made up of high 
energy loaded molecules capable of being converted into biofuels.[16]  Therefore, the possibility 
to produce jet fuel from various microalgae species can be certain to some extent but more 
work needs to be undertaken regarding the process.  The persisting challenges are the costs 
related to growth, harvesting and drying. Also, the lipid content for many species is relatively 
low.  It is very important to select species with high lipids content for a viable jet fuel 
production. More studies on species with high lipid content are still progressing especially in 
the private domain. For low lipid content species, there is a tremendous need for improving 
lipid content using lipid boosting techniques such as total or partial nutrients starvation or the 
use of genetically modified organisms. Conventional jet fuel is made up of complex mixtures 
of hydrocarbons in large numbers. The molecular weights or number of carbon chains is 
defined by the requirements expected for the final product, for instance, the freezing point, 
viscosity, density, volatility or smoke point.  Biofuel physico-chemical properties improve 




some studies based on making use of total lipids (polar and non-polar lipids) to generate 
biofuels by transesterification have demonstrated positive outcomes.[17] Furthermore, lipid 
synthesis can be modified by changing growth conditions, this is particularly valid for non-
polar TAGs known as the best substrate for biofuels production.[3]   
 










C12:0 5.0 - 0.7 
C14:0 - 4.5 0.8 
C15:0 0.5 - 0.5 
C16:0 37.5 25.8 21.0 
C16:1 23.3 37.5 2.0 
C16:2 - - 6.5 
C16:3 - - 15.2 
C17:0 0.4 - 0.1 
C18:0 0.9 1.3 2.9 
C18:1 11.9 - 3.2 
C18:2 1.5 5.1 13.6 
C18:3 - 2.0 33.0 
C20:0 0.1 - 0.2 
C20:1 - - - 
C20:4 3.3 1.6 - 
C20:5 15.3 13.1 - 
C22:0 0.4 - 0.1 
C22:1 - - - 
C24:0 - - 0.2 
C24:1 - - - 
 
 
2.6 OIL YIELDS FOR SPECIES TO BE USED FOR ALGAE -BASED JET 
FUEL   
Table 3 presents outputs for microalgae oil being extracted from dry biomass for twenty 
different types of species.  These species are potentially suitable for biofuels especially for jet 
fuel production due to their lipid content. This information may be useful for evaluation studies 
in order to estimate the oil yields to be generated for downstream or conversion processes.  
It may also be very useful for processes, plant design, mass and energy balance. To increase 





The success of physiological modification or stress will depend on the type, nature and 
behaviour of each species under stress conditions. Table 3 also indicates that Botryococcus 
braunii, Nannochloropsis sp and Schizochytrium sp have high lipid content looking at the 
average between their lower and maximum lipid content. Many other species indicated in  
table 3 may have also a great potential to produce biofuel or aviation biofuel but not much 
information is available in the public domain to analyse their potential in producing aviation 
fuels. Botryococcus braunii has a molecular structure which is roughly similar to the gas-oil 
fraction of the petroleum crude oil; it is potentially fit to be used for blending with other fuels 
for jet fuel production.[21] However, one of the concerns with Botryococcus is that its growth is 
very slow. It takes nearly a week for one Botryococcus cell to double.[22] Generally, many 
studies are targeting Nannochloropsis, Schizochytrium and Botryococcus to produce biofuels 
and health-related products. Apart from the challenge of generating high lipid content for many 
species, there is another challenge: to get sustainable growth of algae biomass with high 
productivity rate in a short period of time. This can be achieved by implementing effective 
operating conditions, supplying nutrients adequately and monitoring growth. 
 
Table 3: Output in terms of oil content for some algae species (adapted from [23-26]) 
 
Microalgae species Output:  mass of bio-oil per ton of dry 
biomass [ kg/ t] 
Botryococcus braunii 250 -750 
Nannochloropsis sp. 310-680 
Schizochytrium sp. 500-770 
Neochloris oleoabundans 350-540 













Cyclotella DI- 35 420 
 









Nannochloris: 31 60-630 
 
Neochloris oleoabundans 350-540 
 
Nitzschia TR-114 280-500 
 
Phaeodactylum tricornutu 310 
 






Tetraselmis suecica 150-320 
 
Thalassiosira pseudonana 210-310 
 
Euglena gracilis 140-200 
Hormidium sp 38 
Phaeodactylum tricornutum 200-300 
Pleurochrysis carterae 300–500 
Chlamydomonas reinhardtii 210 
Prymnesium parvum 220-380 




Hormidium sp 380 
Chlorella pyrenoidosa 470 
Chlorella vulgaris 140-220 
Crypthecodinium cohnii 200 
Dunaliella tertiolecta 360 
Dunaliella salina 60 
Dunaliella primolecta 230 











Scenedesmus obliquus 120-140 
  
 
2.7 BIOMASS DRYING AND BIO-OIL EXTRACTION  
After cultivation, algae biomass is harvested in order to proceed with downstream processes.  
Biomass water content increases the biomass volume and can make the dewatering/ harvesting 
process time and energy consuming. Solar energy for biomass drying can be considered as an 
alternative; however, the main weakness is the necessity of time and space which are key 
components for an optimal and efficient process.[27] However, it is possible to optimize the 
time and create the space using an effective design. Hydrothermal processing is known as an 
effective substitution approach for biomass drying. In this process, microalgae are exposed to 
high temperature and pressure to allow the breaking apart of the biomass.[28] Harvesting and 
drying can be skipped by using the solvent extraction method immediately after cultivation. In 
this case, a solvent can be added to wet biomass after cultivation. Due to the difference of 
densities, oil will settle at the top and biomass and water will be at the bottom of the separating 
funnel or sedimentation tank. Extraction of bio-oil from algae is successfully achieved with a 
solvent such as dimethyl ether (DME) or with the mixture of chloroform and methanol.  
The solvent can be recovered by evaporation at lower temperatures; therefore, lower energy 
consumption is recorded as compared to harvesting and drying options.  
Apart from solvent extraction, bio-oil can be extracted mechanically using cell homogenizers 
or ultrasound.[29] In homogenisers, high pressures are applied to disrupt cells and they are 
mostly used for proteins extraction.[30] Regarding the ultrasound method cells are disrupted by 
applying sonic waves at frequencies greater than 20 kHz.[31] Alga cell walls are broken 
mechanically by ultrasounds due to cavitation shear forces on the walls; therefore, oil 
molecules are migrating easily from the cells to the solvent. This method is still used at the 
laboratory level, it is not still yet possible to operate at large scale with ultrasound because of 
high capital costs and also high acoustic energy is needed for large volumes of microalgae.[30] 
The effectiveness of ultrasound-assisted extraction was investigated for a long time and it is 
well known in the field of bio-oil extraction. It is successfully used for extraction of proteins, 




Generally, the extraction of bio-oil from various species has used solvent extraction in most 
cases because of the simplicity of the process, low costs and low energy consumption.   
 
2.8  CONVERSION OF ALGAE INTO BIO-JET FUEL: EXISTING AND 
NOVEL CONCEPTUAL APPROACHES FOR CONVERSION FROM 
ALGAE BIO-OIL TO BIO-JET FUEL  
There are several options that may lead to algae-based jet fuel. These include biomass to liquid 
processes with gasification as the main process, biomass pyrolysis, and biomass fermentation. 
Some of these processes have reached a commercial level and ASTM certification depending 
on their maturity, the fuel readiness and the opportunity they may present for the aviation 
industry. However, new alternatives are arising to close the gap in terms of fuel efficiency and 
costs, but as mentioned before there is a scarcity of detailed information that can be relevant to 
a large public.  
 
2.9 BIOMASS TO LIQUIDS PROCESS: GASIFICATION 
TECHNOLOGY  
  2. 9.1. The Process  
Algae to Jet fuel can take the route known as biomass to liquids (BTL). In this process, the 
biomass is subjected to the first step of gasification at a temperature between 150°C and 300°C 
and pressure varying from 10 to 40 bars in which syngas is produced; This syngas is subjected 
to Fischer-Tropsch synthesis while reacting with hydrogen in a presence of a catalyst (usually 
iron, cobalt or nickel).[32,33,34] This process is also named gasification/Fischer-Tropsch 
synthesis (GFT), during this process long chain of alkanes are produced. At this point, a liquid 
is produced due to the catalytic action. Fractionation can be used to produce a fuel with required 
fractions for jet fuel. The produced Jet fuel from this pathway based on ASTM certification is 
known as Fischer-Tropsch synthetic paraffinic Kerosene (FT-SPK). The process is suitable for 
lignocellulosic, woody, agricultural biomass including algae biomass and municipal solid 
wastes. However, no fuel has been produced at large scale using this process with algae 
biomass. New studies are currently being undertaken to develop Fischer-Tropsch synthetic 
Kerosene high in aromatics content (FT-SKA).  
This jet fuel will be an improved version of the previous one. More aromatics can improve the 
performance of jet fuel more especially the net heat of combustion. Also, they sensibly reduce 
the possibility of fuel leaks from the aircraft. The biomass is first pre-treated and, in most cases, 




transportation. Drying increases reliability and continuity regarding the feeding of biomass 
through industrial facilities. [35] However, the pre-treatment step must be undertaken remotely 
to reduce sensibly the costs related to logistics involved in the transportation of biomass. 
Already biomass drying is costly because it is energy intensive, there is a necessity for 
optimization of any subsequent process to make the technology cost-effective. Gasification 
depends mostly on the type of biomass. The moisture and ash content can have an impact on 
the quality of syngas. High concentrations of volatile substances resulting from high 
temperatures, low ash content and low moisture can make an ideal BTL process because of 
fewer impurities in the syngas.[36] 
2.9.2 Technological development, commercial activity and fuel readiness 
 Application of BTL process to algae biomass is relatively new and requires full optimisation. 
Generally, gasification technologies require substantial improvement, particularly with 
handling of feedstocks.[32,35] When it comes to Fischer-Tropsch processes, less extensive 
adaptation is required, due to the similarity in terms of content for syngas produced from 
biomass and fossil fuels. BTL was expected to be operational in the 2000s, but it has slowly 
progressed than excepted. Projects using this technology are still at demonstration level or pilot 
scale, possibly in the next decade a mature process will be established. The readiness of the 
algae-based jet fuel using this technology is yet to be determined because the technology 
requires optimisation and important improvements.  
2.9.3 Opportunities, challenges for use in aviation and compatibility with existing systems 
The FT-SPK process used for biomass conversion into liquid fuels may present some 
advantages over conventional jet fuel because of its composition. Its specific energy is 2% 
greater compared to the one for conventional jet fuel because of its paraffinic structure and also 
the aromatic content is low. Consequently, the weight of jet fuel needed for flying specific 
distances can be reduced, therefore, the potential payload of the aircraft increases and the 
consumption of energy per unit of a payload is reduced.[33,37] However, there are many 
challenges preventing the use of FT-SPK as a neat jet fuel.  
For example, its energy density (per unit volume) is 3% lower compared to the one for 
conventional jet fuel. This is due to lower aromatic content and paraffinic composition. 
Consequently, the maximum range of the aircraft is reduced, long-distance flights cannot be an 
option in this case because requiring a full tank of fuel.[34,37] Low aromatic content may end in 
fuel leaks with elastomers such as nitrile-rubber seals which can expand in the presence of 




wear on engine components.[32,34] To mitigate these weaknesses, it is recommended blending 
FT-SPK fuel with conventional jet fuel in a 50-50 % proportion [34]. The costs of this process 
need optimization since many co-products including diesel and gasoline can be recovered. BTL 
using this pathway can generate low sulfur content fuels with high cetane number.[34] 
2.10 PYROLYSIS 
This is a thermal process in which decomposition of organic materials takes place in the 
absence of oxygen. During pyrolysis, oils, gases, char and water are produced depending on 
the process conditions. Generally, there is a production of chars at conditions involving slow 
heating rates with final temperatures lower than 450°C. However, with rapid heating rates and 
high temperatures greater than 800°C gases are produced. A variant of biomass pyrolysis is 
known as fast pyrolysis, it is achieved with temperatures between 400 and 600 °C within few 
seconds as residence time. Thereafter, gas quenching or cooling is rapidly undertaken, the gas 
is sent to a condenser to produce bio-oil. [35,38,39,40] With fast pyrolysis yields of up to 80% (in 
weight) can be achieved. To improve the oil quality zeolite is used as a catalyst during the 
process. The catalyst can influence the increase of aromatic content and cause the decrease of 
oxygen. The catalytic compared to the non-catalytic pyrolysis produces high-quality oil that 
requires less upgrading steps. Therefore, it is cost-effective compared to the non-catalytic [41,42]. 
This process can be effective for algae biomass but the biomass needs to be dried properly 
before pyrolysis. This is an added cost to be considered, analysed and optimized.  Pyrolysis 
being used on petroleum-derived fuel has been proven successful and its readiness does not 
need to be proved anymore. However, fast pyrolysis suffers from issues related to slow 
commercialisation due to the lack of an effective market demand regarding crude bio-oil.[38] 
Pyrolysis can be an acceptable option for conversion of algae biomass into jet fuel. There is a 
need for optimization and development of new and low costs upgrading processes. This may 
be possible through the improvement of the existing hydrodeoxygenation or deoxygenation.  
More studies are still being undertaken in this regard.  The main areas of these studies may 
involve the appropriateness of various catalysts as well as their life cycle, reduction of 
hydrogen intake and the assessment of the required deoxygenation to co-process bio-oil in 
conventional refineries.[38,43] These new approaches are currently at the laboratory and pilot 
scale levels.[44,45] In general, it is important to emphasis on the fact that pyrolysis of any biomass 




2.11 HYDROTHERMAL LIQUEFACTION 
This process is similar to pyrolysis and is also used for the conversion of algae biomass into 
fuels. It is known as a thermochemical process operating under high pressure and medium 
temperature aiming to produce oil from algae biomass. During this process, algae biomass 
macromolecules are firstly hydrolysed and broken into smaller molecules. However, unstable 
and reactive molecules can recombine into larger ones sometimes. Dehydration or 
decarboxylation is used to remove a substantial amount of oxygen from the biomass to enhance 
the performance of the produced jet fuel. Bio-oil properties more especially chemical ones are 
greatly dependent on the biomass composition. Algae biomass is made up of different organic 
components, each of them generates different ranges of compounds during hydrothermal 
liquefaction. Generally, a reaction of organic matter takes place in the presence of water and 
catalysts. The operating conditions for the biomass consist of low final temperatures which are 
generally between 300 and 400°C under high pressures ranging between 50 and 200 bars with 
a maximum residence time of 30 minutes or even more.[35,40,46,47] Hydrothermal liquefaction 
used as a process to generate renewable fuels from algae biomass shows a great potential. 
However, the technology is still largely used at laboratory and pilot scales, very few cases may 
have been taken at large scale. 
2.11.1 Opportunities and challenges for use in aviation regarding pyrolysis and 
hydrothermal liquefaction processes 
 
Jet Fuels produced from pyrolysis and hydrothermal processes may have high aromatic content, 
low oxygen content and few impurities, these are highly required features for 
 jet fuel. [38,48,49] However, upgrading bio-oil to Jet fuel requires extensive deoxygenation which 
can be a costly process.  The high costs may be an obstacle to efficiently produce fractions that 
are predominantly in the jet fuel range. [35] 
2.12 FERMENTATION TO JET (FTJ)  
Anaerobic fermentation of algae biomass can generate alkane-based fuels from fermentation. 
In this method, enzymes are used as catalysts to bring specific biochemical reactions during 
the fermentation. The method is used to operate directly from sugar to hydrocarbons or 
fermentation of sugar to jet fuel. The process involves the following steps: pre-treatment, 
enzymatic hydrolysis, hydrolysate clarification, biological conversion (or bioconversion), 
product purification and hydroprocessing.[50] During enzymatic hydrolysis, process enzymes 




Hydrolysate clarification is used for separation of liquids and solids generated after the 
hydrolysis process.  Bioconversion converts a portion of biomass into sugars which are then 
fermented into an alcohol. Product purification and hydroprocessing use fractionation and 
hydrocracking as downstream processes to get the required jet fuel with compliant physico-
chemical properties.  During the FTJ process, sugar molecules from algae biomass are digested 
and an alcohol intermediate is produced with the help of enzymes. Direct conversion of 
alcohols to alkanes is generally challenging. The conversion usually uses a sequence of a two-
step process. This sequence involves the conversion of alcohols into leaving groups such as 
halides and sulfonate esters followed by reduction with metal hydrides.[51]  The conversion of 
alcohol to alkanes can be also achieved through deoxygenation using enzymes.   
To produce sugars, algae biomass has to be fed with carbon dioxide during growth.   
Carbon dioxide can be taken from fossil fuel plants, it is also helpful for growth and lipid 
boosting. In terms of the fuel readiness, FTJ process is still at the pilot stage but is moving 
toward demonstration and early commercialisation stages. It involves the conversion of sugars 
to isoprenoids using genetically modified organisms. These isoprenoids are polymerised to 
generate hydrocarbons. Thereafter, the hydrocarbons are hydroprocessed to create stocks for 
blending purposes.[47,52] The fuel produced from this process is ASTM certified only for 
blending with conventional Jet fuel in proportions lower or equal to 10%.[51] The certified 
version is named synthesised iso-paraffinic fuel from fermented hydroprocessed sugar.[51]  
Literature about FTJ fuel produced from algae is very scarce because the process is still new 
and not yet used in the industry, similarly, the specific operating conditions to get a jet fuel 
cannot be found in the existing literature. The conversion technologies of alcohol to jet fuels 
are still at the laboratory and pilot levels of application. The details of operational dedicated 
pilot plants are not yet identified in the literature. More studies need to be undertaken for the 
process to be developed at large scale. The studies involve the costs and possibilities to escalate 
depending on the process simulation and optimisation. 
  2.12.1 Opportunities and challenges for use in aviation 
The process is ASTM certified which confers the confidence for jet fuel to be produced from 
fermented sugar generated from algae biomass using FTJ. However, the jet fuel produced using 
this process is still preferred for blending. The quantities to be produced are depending on the 
biomass growth output. Also, the use of genetically modified organisms to convert sugars and 
the capture of carbon dioxide for sugar production makes the process expensive compared to 




2.13 TRANSESTERIFICATION TO BIO-JET FUEL  
This route uses the algae biodiesel from the transesterification followed by decarboxylation 
and deoxygenation to produce high purity jet fuel.[53] Decarboxylation or deoxygenation of 
methyl esters increases the energy density of the jet fuel and allows the removal of methyl 
esters which are not needed in jet fuel. Finally, isomerization process allows the breakdown of 
large molecule chains into small alkanes decreasing the higher freezing point to the normal one 
for the jet fuel.[53] Generally, biodiesel from algae oil has also high flash point, high freezing 
point, high density, low kinematic viscosity and high oxygen content compared to the ASTM 
requirements for jet fuel as indicated in table 4. Transesterification of algae oil followed by 
deoxygenation or decarboxylation and isomerization to get jet fuel from algae oil is technically 
feasible but very expensive.[53] This method is still under development, its maturity will depend 
on the laboratory and pilot scale data.  
Table 4: Comparison of selected properties between transesterified algal bio-oil and conventional 
Jet A and A1 (adapted from [53]) 
Parameter Jet A Jet A1 Algal biodiesel 
Net heat of combustion[MJ/kg]: 42.8 (minimum) 42.8 (minimum) 35-41 
Kinematic viscosity at -20 C[mm2/s] 8 (Maximum) 8 (Maximum) 7.5 
Density at 15 oC [kg/m3] 775-840 775-840 864 
Flash point O C 38 (minimum) 38 (minimum) 115 
Freezing point  O C -40 - 47 Close to   0 
Pour point O C - - -12 
Sulfur [%] 
0.30 (maximum) 0.30 (maximum) 
  
           0.05 (maximum) 
Oxygen [ %w] 1-2           1-2 11.3 (minimum) 
 
   2.13.1 Opportunities and challenge in fuel aviation  
The process can allow the cracking of long-chain molecules at low temperatures which are the 
transesterification temperatures mostly around 50-60 oC. Therefore, transesterification on its 
own is energy efficient and costs effective. However, the freezing point of the final product 
might be higher than the one required for jet fuel as indicated in table 5. Also, the purification 
processes as mentioned before are prohibitively expensive.  This is challenging but the process 





2.14 SUGGESTED APPROACHES: NEW TRENDS AND CONCEPTUAL 
APPROACHES  
Figure 3 presents various approaches and trends showing the potential for the conversion of 
algae oil into jet fuel. However, the strengths and weaknesses of most of these approaches are 
summarized in table 5. These strengths and weaknesses present the critical aspects of the 
processes that can be explored to develop new alternatives approaches, to improve the current 
ones and to allow an efficient production of aviation fuel from algae oil. Options such as 
cracking, hydrocracking, pyrolysis, gasification and Fischer Tropsch are used in the petroleum 
industry for conventional jet fuel. They are proven to be successful, it is possible to use and 
adapt them for algae-based jet fuel with defined operating conditions using the same processing 
plants.  Some few processes or technologies under development are also used to get algae-
based jet fuel and they may present an opportunity to be explored.  
They are described as follows:  
 
2.14.1 CentiaTM  Process  
Developed in the USA at North Carolina State University, patented process that can reuse oil 
from many feedstocks including agriculture, aquaculture or algae, waste oil, animal fats etc. 
The process can easily produce bio-jet fuel which is compliant to jet fuel requirements.  
High yields and energy density for the produced bio-jet fuel. The process has shown that   
 85% of energy conversion can be expected.  
2.14.2 Enzymatic approach (biochemical conversion)  
Enzymatic approaches are increasingly becoming attractive, they are not yet at large scale.  
This is due to the relatively high price of lipase as well as its short operational life. The short 
operational life is caused by the negative effects of excessive methanol and co-product 
glycerol. One of the greatest challenges to demonstrating the validity of this approach lies in 
the conversion of algal oil extracts at a commercial scale and at competitive prices.  
2.14.3 Plasma technology  
Promising technology that can be used with plasmas to open chemical pathways prohibited at 
conventional temperatures. This technology is not yet at the level of maturity in order to be 
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Table 5:  Advantages and weakness of processes in Figure 3 (compiled from [32–
36,42,44,46,51–53]). 
Process  Advantages / strengths   Weaknesses  
Cracking/ Hydrocracking  -Efficient process with high yield.  
-Can be achieved with achievable 
temperatures (300 to 450 C) 
-Achieved on large scale. 
-Affordable and proven successful  
-Impact on costs because of the use 
of catalysts. 
-Can be time-consuming. 
 
Pyrolysis  -Very fast process, can be achieved 
in a fraction of seconds or few 
minutes 
-Proven successful and affordable 
on large scale for conventional 
petroleum products.  
 
-Challenging to control. 
-Requires very high temperatures.  
-Not recommended for small 
hydrocarbons because of their 
volatility. 
-Oil produced from this process has 
high oxygen and water content, low 
heating value. 
-The oil produced may require 
upgrading using hydroprocessing 
and hydrocracking. 
-May generate asphalt or bitumen. 
 -Dehydration must be undertaken 
upstream to allow an efficient 
process.  
Possibility of GHG gas emission  
 
Fischer Tropsch / Gasification  
 
-Used for wide selection of 
feedstocks (eg biomass and coal) for 
syngas generation.  
-Proven successful process for 
aviation biofuel.  
 
-May be costly and energy-
intensive depending on the type of 
gasification (fluidised bed, 
hydrothermal, entrained flow etc).  
-Costs effective when only operated 





























Biodiesel (Transesterification) to 
bio-jet fuel  
 
-Achievable technically because of 
the use of lower temperatures 
compared to previous processes. 
 
-Decarboxylation and 
deoxygenation are undertaken to 
increase the energy density of the 
fuel 
Isomerization is used to decrease a 





-The process can be expensive. 
-Large quantities of CO2 might be 
produced during decarboxylation 
depending on volumes of biodiesel. 
Enzymatic process   -Attractive and interesting process 
because of low energy input. There 
is still a tremendous prospect in this 
area.  
- Promising technology    
-Not a mature process as yet, still at 
the pilot stage. 
-Could be very expensive.  
Centia TM. -Proven maturity, scalability and 
affordability.  
-The process can generate biodiesel 
and bio-gasoline while processing 
bio-jet fuel. 
 
-CO2 is produced during 
decarboxylation.  
-May be costly because of the use of 
catalysts. 
  
Plasma  gasification   -It can generate clean syngas. 
Promising technology  
-Not a mature process as yet. 
-Very costly.  
 
 
2.15 UNSOLVED ISSUES AND FUTURE PERSPECTIVES FOR ALGAE 
BASED AVIATION FUELS 
The aviation industry is faced with many challenges that need to be overcome.  
The demand for aviation fuel is facing an increasing demand which is expected from a range 
of 1.5 to 3 % annually.[54] In the European Union, an annual growth estimated at 3 % is expected 
in the aviation transportation sector until 2050.  In the meantime, the annual growth for fuel 
consumption is expected to be at 2%.[55] This represents a great opportunity for algae-based 
aviation fuel. Algae-based jet fuel will have to fit in the current market characterized by fast 




produced, the fuel will be able to supply the balance needed by the industry and to solve the 
issue of the increasing demand mentioned earlier. However, some key unsolved issues need to 
be addressed to advance the agenda of producing sustainable and competitive algae-based jet 
fuel : the identification of species that can produce very high quantities of lipids with less 
oxygen content, the development of physiological modification techniques or use of genetically 
modified organisms to improve the lipid production for various species  at higher rates, the 
development of novel growth processes to reduce sensibly the costs related to growth and 
updated bio-oil extraction techniques with low energy intake, the implementation of  low costs 
and very efficient  harvesting techniques, and the development of novel  biomass drying 
process. Briefly, to reduce the costs related to the production of algae-based jet fuel without 
compromising the quality needed for compliance.  Some of the processes mentioned in Figure 
1 can be used to produce algae-based jet fuel. However, the costs remain a challenge, it has 
been estimated that a barrel of algae fuel can range from 300 to 2600 US dollars [26, 56] (valid 
from 2005 to 2011), this price was brought down to 84 US dollars by modifying the 
downstream processes [53] (for the same period). These costs are still high compared to ones 
related to petroleum fuels. The estimated costs to produce a barrel of petroleum fuels are 
between 40-80 US Dollars [26,56] (this was valid from 2005 to 2011). Therefore, the costs and 
the quality issues compulsory for compliance are the main hurdles to overcome in order for 
algae-based jet fuel to be able to compete with petroleum jet fuel. Technology for species 
growth, oil extraction, conversion processes need to be completely improved, optimized, and 
tested. This aims to improve fuel molecules and reduce sensibly the costs and environmental 
impacts in order to ensure a market-ready algae-based jet fuel.  
The implementation of low energy intake processes generating high output should be the basis 
of new studies to overcome these challenges. Therefore, economic sustainability and 
environmental sustainability are the driving forces that need to be satisfied in order to have 
algae-based jet fuel at commercial stage. 
 
2.16 ALGAE CULTIVATION: IMPORTANCE AND TECHNOLOGIES  
 
Cultivation of microalgae highly affects the quantity of produced biomass, the costs of the 
output and also the increase of lipid quantity. The increase of lipids content for algae biomass 
is currently one of the major challenges faced by algae biofuels. Once this barrier can be 




Many strategies to improve the lipid production have been used in the past, these include the 
starvation of nutrients mainly nitrogen, the addition of CO2 or sugar to the growing culture as 
mentioned earlier.  
Cultivation of algae can be accomplished in open ponds and in photo-bioreactor (PBR) which 
is a closed culture system.[57] In an open pond system, the culture medium is directly exposed 
to the natural environment. Open pond systems use solar energy as the light source for 
microalgae cultivation.[58] The open system has an advantage of regulating the temperature by 
liquid evaporation. This system incorporates paddle wheels for mixing and circulation of gas 
or liquid with low investment.[59] Open pond system is less expensive since their fabrication 
involves lower costs material and they require less energy. Major drawbacks of open pond 
systems are less effectual temperature control and the usage of light. They require relatively 
larger area and only handful of microalgae can be cultivation in this system. The system also 
suffers from higher risk of culture contamination as well as the low density  
of microalgae.[60,61,27] Photobioreactors are closed systems that are frequently used in 
commercial scales for the cultivation of microalgae. In photobioreactors, microalgae growth is 
controlled in order to achieve specific biological modification.[27,59] They are convenient to 
handle compared to open pond systems for mixing and mass transfer of gas or liquid. 
Photobioreactors show productivity due to most effective use of the cultivation area and 
efficient energy consumption.[61,62] 
An earlier study reported that cultivation of microalgae in photobioreactors yields higher lipid 
content [63], this can be beneficial to get a higher yield for jet fuel production. However, a major 
problem is artificial illumination. Light conversion performance of photobioreactors is 
restricted because of heat generation due to contact with light sources.[63] The facility 
installation expenditure is much higher and their functioning costs are higher since they 
necessitate more power.[58] Although the costs for photobioreactors are higher, many studies 
are undertaken with the aim to optimise the costs and make it less expensive, therefore, there 
is still room for research in this area. Once costs are sensibly reduced this option can present 









CONCLUSIONS   
Production of biofuels for the aviation industry may be challenged by a handful of 
shortcomings on the technical feasibility and costs.  These limitations hamper the technology 
readiness, its commercial maturity as well as the technology certification. There is a limited 
availability of data and information on the public domain regarding the development of 
alternative jet fuels. The limitation mainly includes economic data which seems insufficient to 
estimate and question whether it is capital intensive or not together with the technical 
feasibility. However, in the private domain, many studies are undertaken to get bio-jet fuel 
from feedstocks with high oil content. Technical feasibility and economics remain a secret for 
the producer. Therefore, technical and economic considerations including environmental 
aspects are the backbones for any new development regarding alternative jet-fuels.  
Algae-based fuels may be one of the most prominent ways to get jet fuel more especially some 
marine species such as Nannochloropsis sp, Schizochytrium sp, Botryococcus braunii, 
Neochloris oleoabundans, Nitzschia sp and many other. It appears that these species can 
technically be advantageous for an effective bio-jet fuel production compared jet fuel from 
other oil crops. Algae biomass has the ability to grow faster, they do not constitute a threat for 
food crops, they do not need excessive land to grow, they are not a threat for water resources 
and their crude bio-oil is very similar to petroleum crude oil in terms of carbon chains. 
However, the challenge is to address effectively this issue of boosting lipid content through the 
species physiological manipulation. This is an area that needs more studies to improve the 
ability of many species to increase their oil content during growth and during starvation. The 
starvation should define the operating conditions and the duration of the process of increasing 
the lipid content. Another challenge is on the engineering side and deals with the appropriate 
technology that is cost-effective and sustainable to bring algae aviation to a point of ‘’drop in 
‘’fuel. This will involve the development of techniques that may allow the production of a fuel 
similar to the petroleum jet fuel known as conventional jet fuel.  Compliance is the main 
reference in producing alternative jet fuel, mostly jet fuel from algae biomass. jet-fuel has 
generally carbon chains ranging from 8 to 16 depending on the jet fuel type. TAGs are 
recognised for a high percentage of short chain fatty acids that can reach a high number of 
carbon chain lengths. Many species seem to position themselves as the potential sources of 
biofuel to be used in aviation.  Algae-based jet fuel has achieved many key milestones by 
identifying various species with high potential to generate oil and developing various routes or 
downstream processes to get algae-based jet fuel.  The technological concept is a milestone 




must mostly be copied on the petroleum jet fuel processes. These downstream processes used 
on petroleum fuels have been demonstrated on large scales, the capital and operating costs are 
no more a big challenge. Furthermore, another milestone is the established valid concept for 
conversion of algae oil into fuels which already exists within the circles of many stakeholders 
in the private domain. The public domain needs to step into it and get the relevant information. 
Consequently, the scaling up to industrial or large scale will only require appropriate process 
optimization and modelling to reduce the operating costs. The scaling is possible if the 
technologies used can demonstrate maturity and can show potential for commercialisation. 
Hence, if these milestones are achieved, certification and commercialisation can follow. 
Blending algae oil with petroleum oil products is also another option to be considered for algae-
based jet fuel to be operational on the market while costs optimization is still being considered 
in many studies. The B10, B20 and B50 are the most advised ratios for blending.  This strategy 
can be explored because it slows down the speed of depletion of petroleum fuels by using less 
petroleum products and reduces carbon footprint.  In definitive, algae-based aviation could be 
cost-effective within the next decade providing that high lipid content species are identified 
and there is development of new processes that are cost competitive and sustainable. For algae-
based jet fuel to be a ‘’drop-in’’ fuel, testing the fuel should be simulating all the characteristics 
of the current conventional jet fuel in terms of engine performance, operability, characteristics 
such as fuel consumption and engine start.  Environmental impact and life cycle assessment 
studies should be undertaken to add value to the advantages that algae-based jet fuel can present 
over the conventional jet fuel.  Therefore, to meet energy growth new and alternative fuels have 
to be developed.  
To meet this goal and avoid an energy crisis in the near future there should be a criterion 
including the ‘’drop-in fuel aspect’’ as well as environmental and economic sustainability. The 
objectives of papers were therefore met by establishing many options and routes that are 
possible to produce jet fuel from algae oil. Details of the processes, their strengths and 
weaknesses were discussed. Algae fuels are still small players compared to petroleum-based 
fuel in the energy sector, there is more to be achieved. 
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                                      CHAPTER 3 PREFACE  
The following chapter is presented as a research paper accepted and published in Biofuel, 
Biorefinery and Bioproducts journal.  The experimental work completed in the laboratory from 
biomass cultivation to jet fuel production is presented here. It is a detailed experimental work 
involving all the important steps needed for algae-based jet fuel production.   
The chapter focuses is on the establishment of effective operating conditions and conversion 
processes from the laboratory experiment. The aim is, firstly, to increase the lipid content in 
algae biomass in order to improve the bio-oil output essential for conversion processes. 
Secondly, to develop a simplified laboratory process from microalgae cultivation to jet fuel 
production. The chapter is presented with some minor modifications and additions for clarity   
in order to keep the flow and connect with the previous and next chapters. The copy of the 
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ABSTRACT  
 This study focuses on the laboratory production of jet fuel from microalgae. In contrast with many 
studies that use partial nutrient starvation to boost lipid content of the species, physiological 
modification was undertaken under complete nutrient starvation for 3 days to increase lipid content 
beyond 80%. This was followed by biomass harvesting, which was necessary for downstream pro-
cesses. Large amounts of biomass were achieved between day 8 and day 10 during the cultivation 
period, with temperatures ranging between 15 and 35 °C under constant luminance of 1000 lux and 
daily supply of CO2 for 15 days. It was found that Nannochloropsis sp. grew effectively between 15 °C 
and 25 °C with more biomass produced in the same temperature range. Conversion processes involved 
steps such as oil extraction, thermal cracking without catalyst at 300 °C and fractionation between 70 
°C and 250 °C. The pyrolysis of bio-oil was also undertaken as a fast cracking process for the 
temperature ranging between 350 °C and 450 °C within 12 s. Some parameters such as flash point, net 
heat of combustion, Sulfur, and viscosity complied with ASTM standards. Jet fuel from microalgae 
therefore shows potential despite many challenges related to cost-effectiveness and sustainability. In 
order to obtain a bio-jet fuel that is completely compliant with ASTM standards, upgrading, reforming 
processes, and the use of additives will be needed more, especially for pilot and large-scale production 
once fuel sustainability is achieved 
KEYWORDS: Bio-jet fuel; biofuel; microalgae; Nannochloropsis sp; biomass  
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3.1 INTRODUCTION  
3.1.1 Background  
  Industrial interest in the production of alternative fuels and in reducing dependence on fossil 
fuels is growing. A greater demand for energy has led to fluctuations in the prices of fossil 
fuels. Adverse environmental effects resulting from the combustion of fossil fuels have 
increased interest in the search for environmentally friendly renewable resources. The use of 
biomass as a feedstock for energy production has consequently emerged as an area of 
importance.[1,2,3] As a result, many feedstocks have been used to produce biofuels.[4,5] However, 
algae biomass is one of the bioresources that can produce clean and sustainable fuel despite a 
few challenges.[6,7,8] Today it has technically been proved that there is a real possibility of 
converting algae or any biomass into bioethanol, bio-jet fuel, and bio-diesel.[3] Nonetheless,  
algae-based fuels are still expensive when compared with conventional fuels.  
 Unlike other first- and second-generation biofuels, algae can grow easily and reproduce very 
quickly under photosynthetic conditions. [9] Microalgae are microscopic and photosynthetic 
organisms that grow in marine, freshwater, or wastewater environments. The production of 
algae biomass generally depends on the type of species or strain used during cultivation. [10] 
The type and nature of the strain or species, the growth conditions, and the nutrients supplied 
to the culture directly influence biomass productivity and lipid content. [11] Microalgae grow 
very fast, as mentioned before, and some species are exceptionally rich in oil, but not most of 
them.[12,13] 
Although the growth of the microalgae depends on many characteristics of the species, they 
can double the amount of biomass within 24 hours.[14] Growing microalgae under well-defined 
operating conditions will therefore result in high biomass production and eventually, more 
lipids can be collected.[15,16,17] Microalgae grow like any other microorganisms; however, their 
growth cycle is made up of four phases: lag, exponential, stationary, and the death phase or 
lysis. They convert photonic energy, water, and CO2 to sugars; sugars are therefore converted 
to macromolecules such as lipids and triacylglycerols (TAG).[18,19]  
During the cultivation phase, once microalgae culture has reached the stationary phase, 
biomass harvesting must be undertaken in order to collect the highest amount of biomass 
needed for conversion processes. In this study, a marine microalga known as Nannochloropsis 




The effectiveness of photosynthesis is one of the crucial aspects required for effective biomass 
productivity; it depends on the amount of light supplied to the culture, but also on the nature 
of the species.[20,21] 
Photosynthetic efficiency affects the growth rate and potentially biomass production.[14] 
Similarly, environmental parameters such as the pH of the growing culture, its temperature and 
salinity (especially for a marine species), the amount of carbon dioxide supplied to the growing 
culture and the availability of nutrients in the growing media are very important for effective 
growth. [22]  
These parameters directly influence the growth and proliferation of algae cells and 
consequently the rate of biomass production.[11,20,21,23] The study’s main objective is to produce 
bio-jet fuel from a microalgae species (known as Nannochloropsis sp.) under defined operating 
conditions in order to establish a laboratory process from cultivation to the production of jet 
fuel. 
3.I.2 Knowledge gap and Knowledge contribution from this study  
The literature on algae-based transportation fuels is scarce but many studies have been 
completed in this field; however, most of their outcomes are not available to the public. These 
studies have focused on conversion processes, biomass productivity, optimising growth 
conditions, and dewatering processes. [11,20,21,23] Nevertheless, there are still some gaps to be 
covered regarding the production of algae-based fuels. Effective genetic modification to 
increase the lipid output is one of the major issues that needs to be addressed.  
This study contributes to the process of filling the gap by establishing a total (complete) nutrient 
starvation technique. 
This study’s contribution to knowledge is its examination of the way in which total nutrient 
starvation can stimulate an increase in lipid in microalgae cells. In many previous studies, the 
physiological modification of species is completed under partial nutrient starvation. [11,20,21,23] 
However, in this study, the physiological modification is achieved under total nutrient 
starvation of the species after cultivation. Most algae species have a very low lipid content;  
it is therefore challenging to have a high output for algae-based jet fuel with the low crude bio-
oil output.[11] Another way in which the study contributes to knowledge is based on the cracking 
process of the crude bio-oil, which is completed without a catalyst at an achievable temperature 





    3.1.3 Overview of the species and bio-oil type used for the experiment     
Nannochloropsis bio-oil is a reliable source of eicosapentaenoic acid / oil (EPA) and also 
contains dodecahexanoic acid / oil (DHA). Nannochloropsis sp. strains are characterised by 
various unique biochemical and ultrastructure features such as the absence of chlorophyll 
 b or c, the composition of the cellular xanthophyll pigments [24,25,26] relatively high EPA 
content [27,28] as well as the presence of specific sterols.[29,30] The unique ultrastructure features 
of these strains are the presence of lamellate vesicles in the cytoplasm and the connection of 
the chloroplast envelope with the nuclear envelope. Nannochloropsis sp. is widely cultivated 
because of its higher EPA content (EPA long chain omega-3 fatty acids with 20-carbon chain 
including 5 cis double bonds) representing between 4% and 5 % of the biomass, and also 
because of its small cells (2–3 μm diameter) known as feed for rotifers in the ‘green water’ 
technique. 
The modulation of fatty acid composition by varying culture parameters such as light intensity, 
light-dark cycles, temperature, salinity, and nutrients has been widely investigated and 
reviewed in many studies.[17,31,32,33] Generally, the higher the biomass productivity, the higher 
the EPA productivity.[34,35,36] However, this is not always the case for all species because the 
lipid content is lower in most cases, as mentioned earlier. Increasing lipid content using a 
physiological manipulation technique is therefore very important for many species in order to 
generate the considerable amount of lipids necessary for biofuels production. Nannochloropsis 
sp was also suggested for biofuel production because the physiological manipulation under-
taken with nitrogen starvation only showed an increase of approximately 60% in lipid content 
compared to its initial lipid content before starvation.[37,38,39,40] These lipids are mainly TAGs 
and they contain saturated and monounsaturated fatty acids.[19,41] 
3.2 MATERIAL AND METHODS 
3.2.1 Sampling and culture maintenance   
To obtain pure Nannochloropsis sp. cells for cultivation and the rest of the experiment, new 
cells were cultivated on petri dishes. On these petri dishes, colonies of Nannochloropsis sp. 
cells from a stock solution made up of Nannochloropsis sp. cells were spread in parallel lines 
crossing each other. Parallel lines were drawn in one direction to reduce the risk of 
contamination. These lines of cells in solution were spread on a viscous and thick mixture made 




dishes with colonies of cells were kept in an incubator at 25 °C with the aim of generating pure 
Nannochloropsis sp. cells. 
After 5 to 7 days, cells appeared as pellets on the surface of the thick mixture. Some cells were 
pure and others were not due to probable contamination of growth. To minimise contamination 
of pure cells on the petri dishes, pure cells were isolated and put on new petri dishes with the 
thick mixture of F/2 media-agar. Lastly, they were kept at 25 °C in the incubator again. After 
a period of 7 days, pure cells of Nannochloropsis sp appeared on the surface of the thick 
mixture. These pure cells or pellets were collected and added to F/2 media solution to run a 
cultivation batch in a photobioreactor, presented in the left part of Figure 5.  
The photobioreactor produced the biomass under photosynthetic conditions for a cultivation 
period of 15 days. The stock solution was also collected for future use in case of sample loss 
or contamination or any other incident occurring during experiments. 
.   
    





   
                  Figure 5: cultivation batch (left) and F/2 media solution (right) 
  3.2.2 Media preparation for species cultivation   
The importance of F/2 media regarding algae biomass production is to provide nutrients 
effectively to microalgae cells during cultivation. This allows effective growth of cells under 
operating conditions defined by light, temperature, pH, and salinity. Microalgae need nitrates, 
phosphates, and trace elements including heavy metals for an effective growth. Media solutions 
such as F/2 are an ideal environment in which these elements are mixed and supplied to 
microalgae during cultivation. Nitrates allow the production of nucleic acid and proteins, and 
contribute greatly to synthesis and lipid production, while phosphates are acting as energy 
carriers.  
The saline wastewater was prepared in the laboratory to suit the cultivation purposes in 
domestic wastewater which is rich in nutrients such as nitrates and phosphates. The salinity of 
wastewater was important because Nannochloropsis sp is a marine species that grows well in 
a saline environment.       
F/2 media is prepared according to Guillard and Ryther’s (1962) method.[42]  It is widely used 
with saline water or seawater for the cultivation of many species including marine species. In 
this study, the F/2 media preparation begins with 950 ml of saline water. This is prepared from 




salinity for seawater in which Nannochloropsis sp. can effectively grow. Defined quantities of 
NaNO3, NaH2PO4.H2O, Na2SiO3.9H2O, trace elements, and vitamins were added to saline 
water following Guillard and Ryther’s method.[42] The final volume is brought to 1 l by adding 
saline water or natural filtered seawater to the photobioreactor. Finally, the mixture is sterilised 
for 1 hour at 105 °C in an autoclave. The uptake of nutrients by microalgae cells takes place 
during cultivation, so microalgae cells grow as much as they absorb nutrients up to the time 
the growth process reaches the stationary phase. At this stage, harvesting can be undertaken 
and a new batch can be started. 
3. 2.3 Cultivation of the species and growth under proficient monitoring of the system  
Cultivation of Nannochloropsis sp. aims to produce as much as biomass possible to be used 
for downstream processes. These processes need more biomass with high lipid content in order 
to generate more crude bio-oil. An effective, monitored system is required with defined 
operating conditions. Effective monitoring is very important because it can assist in the 
optimisation of the biomass production. In this study, cultivation was undertaken for a 
maximum of 15 days, as mentioned above, and is presented in Figures 6 to 10.   
Experiments were carried out in a 1 l photobioreactor (see Figure 4). The salinity of 30 ppt was 
chosen with the aim to simulate species growth conditions in the marine environment. 
Generally, the average seawater salinity favourable for species growth varies between 25 and 
35 ppt. Nannochloropsis sp. being a marine species, it was essential to grow it under conditions 
of salinity similar to the marine environment. Concerning the pH, the culture was maintained 
at values equal to or slightly above 7. The biomass was growing at an ambient temperature 
between 15 °C and 35 °C with an average light intensity of 1000 lux using fluorescent light for 
24 hours of illumination. CO2 was added daily to these batches and its volume was equivalent 
to 15 % of the photobioreactor.[43] The addition of CO2 was intended to boost the lipid content 
of the growing biomass. To expose the cells to maximum illumination, facilitate gas exchange, 
and provide effective mixing, biomass aeration was undertaken during cultivation. Growth data 








Table 6:  summary of growth data for Nannochloropsis sp biomass 
Parameter  Salinity  Temperatu











Value  30 ppt  Controlled: 
15,20,25,30 
and 35 OC 
Neutral  1000 lux  5 % of the 
total 
volume  
15 days in a 
photobioreactor  
 
3.3 RESULTS AND DISCUSSIONS  
3.3.1 Unit operations  
            3.3.1.1 Microalgae cultivation and growth curves     
 
 













































































































Figure 9: growth curves recorded for Nannochloropsis sp at 30 oC 
 
 
Figure 10: growth curves recorded for Nannochloropsis sp at 35oC 
 Growth measurements can be monitored using various methods. In this study, optical density 
was recorded on a daily basis for a period of 15 days. This was done to monitor the species’ 
growth accurately. A wet microalgae biomass was collected from the filtration of 20 ml taken 
from the growing culture. This was mixed with 10 ml of 85% acetone. The filtration media 
used for separation of water and wet biomass was a GFF40 filter paper. The mixture of wet 
biomass and acetone was kept in vials at −4 °C in a refrigerant for 24 hours. A digital 
spectrophotometer Turner Designs serial number #7200-000 manufactured in San Jose, CA, 


























































 In this device the fluorescence was set at 680 nm from a light source excited at 436 nm.  
The method is based on the direct reading of the fluorescence of optical density expressed in 
terms of the concentration of the pigment, which in this case was the amount of cells 
represented by the mass of chlorophyll A non-acid per unit volume. It was expressed in μg/l 
and represents the degree of absorption of light at a specified wavelength by the solution or 
suspension containing microalgae cells. The average of the daily measurements recorded in 
triplicate was used to plot the growth curves represented in Figures 6 to 10.  
The analysis of these growth curves shows that Nannochloropsis sp. reached the highest 
amounts of biomass between day 8 and 10 for the temperature ranging from 15 to 35 °C.  
The highest optical density was obtained within the stationary phases mainly on the tenth day 
of the culture growing at 15 °C, 20 °C, and 25 °C. The stationary phase during cultivation was 
very short for these temperatures. Regarding the temperatures of 30 °C and 35 °C,  
the highest optical density values were recorded on day 9 and day 8 respectively; thereafter, 
the lysis phase was taking place. It was recorded that Nannochloropsis sp was growing 
efficiently within the temperature range from 15 to 25oC. Similarly, it was recorded that the 
optical densities recorded during this temperature range were greater than those recorded for 
30 °C and 35 °C. More cells were produced within the temperature range between 15 °C and 
25 °C than between 30 °C and 35 °C, where the cells number decreased. 
3.3.1.2 Biomass harvesting  
Algae biomass was harvested during the stationary phase of the cultivation period. It was done 
on days where high values of optical densities were recorded because large amounts of biomass 
were produced on these days. It was therefore completed on day 10 for cultivation batches 
operating between 15 to 25 °C, and on day 9 for cultivation batches operating at  
30 °C and on day 8 for cultivation batches operating at 35 °C. The biomass was harvested by 
centrifugation using a ‘Hermle’ centrifuge (HERMLE Labortechnik GmbH, Wehingen) 
running at 4000 rpm for 10 minutes. On average 1800 mg/l of wet biomass was recorded after 
10 days, with an average of 600 mg/l of lipid recorded during the same growth period.  
This almost corresponds to data recorded for Nannochloropsis sp. F&M-24 by  
Rodolfi et al. in 2009.[39] 
3.3.1.3 Physiological modification: hyper lipid synthesis 
To increase microalgae lipid content, it is necessary to modify the physiology of cells. In many 
studies, increased lipid was obtained by partial nutrient starvation of cells. In most cases this 




starvation is undertaken to modify the physiology of the species in order to stimulate the 
synthesis of more lipids within cells. Deprivation of nutrients, or cell stressing, was undertaken 
for 3 days in a pure and nutrient-free environment. After starving microalgae cells for few days, 
a substantial increase in lipids was recorded. The lipid increase is displayed by the data 
recorded from the mass balances presented in Figures 12 and 13.  
The Nile Red technique was used to observe the changes regarding stressing or physiological 
modification of microalgae cells. The right side of Figure 11 presents the configuration of 
microalgae cells before starvation. The left side of Figure 11 shows the changes that took place 
after genetic stressing or physiological modification caused by complete (or total) nutrient 
starvation of microalgae cells. It can be observed that the cells are yellow with more lipids after 
being totally deprived of nutrients for few days. The procedure for Nile Red consists of cells 
being incubated in a Nile Red solution made of 0.25 mg/l in acetone.  
The incubating time was 5 minutes and, thereafter, cells were viewed under a fluorescent 
microscope. A 450–490 nm excitation filter, a 510 nm diachronic mirror, and a 515 nm barrier 
filter with a 100x lens were also used. 
Figure 11: cells of biomass before total nutrients starvation (right) and cells of biomass 
after total nutrients starvation (left)   
3.3.1.4 Bio-oil extraction  
Extraction of crude bio-oil from harvested biomass was completed using a modified Bligh and 
Dyer method [44]. In this modified method a solvent mixture made with chloroform and 
methanol in a 1:1volume ratio is used. This mixture was added to the wet biomass.  
The volume ratio between the solvent mixture and wet biomass was also brought to a volume 




It was aiming to skip the drying process, which is energy and time-consuming. Bio-oil was 
collected after solvent evaporation in an evaporator from 65 °C. 
       3.3.1.4.1 Determination of neutral lipids   
Lipid content for the control and the stressed samples were determined using a gravimetric 
method. To determine the total amount of lipids accumulated in microalgae cells during the 
experiment, the following procedure reported by Guckert et al.,45 Wagner et al.,46 and Lee et 
al.47 was undertaken: 50 ml of microalgae was harvested by centrifugation for 20 min after 
cultivation. The extraction of lipids was completed by adding 28 ml of 50 mM phosphate buffer 
(pH 7.4) into the cell pellets. Thereafter, cells were resuspended and sonicated for 1 min. The 
samples were transferred to separating funnels; 35 ml of chloroform and 70 ml of methanol 
were added to each of them, then they were shaken in order to homogenise the mixtures and 
finally they were kept for 18 hours. After those 18 hours, 35 ml of chloroform and 35 ml of 
distilled water were added to the samples. The samples were kept for a further 18 hours and 
the lower chloroform layer in a round-bottom flask was collected. The weight of the empty 
flask was recorded at the beginning of the experiment. The extract was evaporated in a water 
bath at 65 °C using a rotary evaporator to remove the solvents; the lipid content, as mass, was 
then worked out from the difference between the weight of the flask with bio-oil and the weight 
of the empty flask. This procedure has assisted in establishing the mass balances presented in 
Figures 12 and 13.  
                                                                                                               Solvent [200 mg] 
                   Wet Biomass [1800mg]         
                                                                                                                Bio-oil [600 mg] 
 
                                
                                                             Wet Accumulated biomass [1000 mg] 
 
Figure 12: Overall mass balance for bio-oil production/ l of Nannochloropsis biomass 








                              Solvent [200 mg] 
 Wet Biomass [1800mg]                                                                                  
                                                                                                                   Bio-oil [1100 mg] 
 
 
                                                              Wet accumulated Biomass [500 mg]  
                 Figure 13: Overall mass balance for bio-oil production/l of Nannochloropsis 
biomass after total nutrients starvation  
Analysing these mass balances, it may be observed that, before nutrient starvation, the amount 
of bio-oil recorded represents only 30% of the total biomass used for oil extraction (Figure 12). 
After physiological modification undertaken with total starvation of nutrients, there is an 
increase of more than 80% when comparing the lipid content (bio-oil) before starvation  
(Figure 12) and after starvation (Figure 13). 
        3.3.1.4.2 Characterisation of crude bio-oil  
The characterisation of microalgae crude bio-oil was completed using a gas chromatograph 
(GC/ MS). The sample of crude bio-oil was purified by filtration. This was followed by the 
transesterification of the bio-oil, after which it was injected into the GC/MS for characterisa-
tion. After running the standard, vegetable oils such as sunflower and canola oils were also 
used for trials. These trials were undertaken before running the bio-oil from Nannochloropsis 
sp. The purpose of the trials with vegetable oils was based on the fact that microalgae bio-oil 
is also a vegetable oil. It has qualitative similarities with many vegetable oils including 
sunflower and canola oils. These trials have assisted in establishing the method for the bio-oil 
characterisation with GC/MS. Subsequently, the sample of microalgae bio-oil was run 
successfully with the GC/ MS. Figure 14 shows the chromatograph and results from a sample 
of crude bio-oil from microalgae on GC/MS. Table 7 shows the presence of various fatty 
methyl esters (FAMEs) and other hydrocarbons found in the crude bio-oil from 





                                 Figure 14: Chromatograph of Nannochloropsis sp crude bio- oil  







Height % A/H Compound  Formula   and name 
1 2.911 0.94 1.60 3.83 C6H8 : 1,4-Cyclohexadiene : 
2 25.912 0.55 1.24 2.88 C16H32  : 3-Hexadecene, (Z)- 
3 26.513 2.39 5.14 3.02 C14H30: Tetradecane 
4 31.672 0.61 1.21 3.30 C16H32  : 3-Hexadecene, (Z)- 
5 34.541 2.27 2.86 5.13 C14H28O2: Tetradecanoic acid 
6 36.045 6.27 12.31 3.30 C22H42O2: Phytol, acetate 
7 36.202 0.62 1.29 3.10 C20H40: 2-Hexadecene, 3,7,11,15-
tetramethyl-, [R-[R*; 
8 37.132 3.08 4.92 4.06 C20H40O 3,7,11,15-Tetramethyl-2-
hexadecen-1-ol 
9 38.256 2.04 4.25 3.11 C17H34O2: Hexadecanoic acid, methyl ester 
10 39.152 9.77 5.61 11.29 C16H30O2: Palmitoleic acid 
11 39.868 39.18 19.14 13.26 C15H30O2: Pentadecanoic acid 
12 41.385 1.02, 2.14 3.09 C57H104O6 9-Octadecenoic acid, 1,2,3-
propanetriyl ester, 
13 41.895 5.87 9.89 3.85 C21H40O2: Octadecanoic acid, 2-propenyl 
ester 
14 42.290 0.99 1.67 3.85 C18H34O: 9,12-Octadecadien-1-ol, (Z,Z)- 
15 44.172 2.82 3.18 5.74 C18H36O2: Octadecanoic acid 
16 45.635 0.81 1.57 3.35 C21H38O2: Isopropyl linoleate 
17 45.939 0.85 1.22 4.47 C26H44O6 :Ethyl iso-allocholate 
18 46.103 1.35 2.12 4.11 C22H34O2 :5,8,11,14,17-Eicosapentaenoic 
acid, methyl ester 
19 49.968 1.85 3.32 3.60 C23H34O2: 4,7,10,13,16,19-
Docosahexaenoic acid, methyl 
20 50.276 0.68 0.89 4.92 C16H30Ocis-9-Hexadecenal 
21 50.645 1.94 2.34 5.36 C19H38O4 Hexadecanoic acid, 2-hydroxy-1-
(hydroxymethyl 
22 58.135 0.77 1.45 3.43 C27H44: Cholesta-3,5-diene 




24 62.120 0.55 0.67 5.29 C29H50O2:Vitamin E 
25 64.970 7.04 2.67 17.09 C55H106O6: Eicosanoic acid, 2-[(1-
oxohexadecyl)oxy]-1-[[(1 
  100 100   
 
From the characterisation indicated in table 7, FAMEs were identified as having carbon chains 
ranging from C6 to C57. This situation is very favourable for jet fuel production. Cracking is 
therefore needed in order to break down long carbon chains including C55 and C57 into short 
and medium ones essential for jet fuel production. Fractionation or distillation will follow,  
to separate different carbon chains based on the difference in boiling points. Jet fuel is a 
complex blend of alkanes made mainly from middle-end carbon chains between C14 to C16 
and other alkanes from low-middle-end carbon chains in the case of jet B. Table 7 indicates 
that fractions between C14 and C16 have together recorded high percentages in terms of areas 
of the peaks compared to the other remaining fractions. 
3.3.1.5 Thermal cracking:  Thermolysis    
Compounds from the characterisation presented in table 7 have to be broken down to produce 
middle-end fractions or carbon chains needed for jet fuel. These fractions must be mainly 
alkanes, as mentioned earlier, in order to obtain algae-based jet fuel similar to the conventional 
jet fuel. Firstly, cracking trials on vegetable oils such as sunflower and canola oils were 
undertaken at the following temperatures: 300, 350, 400, and 450 °C. It was done with the 
following times: 30, 45 and 60 min for each temperature. From these trials, it was recorded that 
when cracking at the temperature of 300 °C all compounds were disintegrated or broken after 
a maximum time of 30 minutes. The experiment was simulated on GC/MS to determine the 
cracking temperature and time without a catalyst for a complete disintegration of carbon chains 
for sunflower and canola oils. Secondly, after using vegetable oils, the same experience was 
undertaken on microalgae bio-oil. The simulated cracking on GC/MS for microalgae bio-oil 
generated similar results. The cracking temperature was recorded at 300 °C within a time of 
31.06 min. The pyrolysis of purified bio-oil undertaken as fast cracking was achieved at  
350 oC during a time of 12 s while 450 OC was recorded as the pyrolysis temperature for crude 
bio-oil achieved within the same amount of time (see APPENDIX A7 for GC methods and 
various chromatographs related to pyrolysis). The recovered quantity of oil recorded after 
thermal cracking was between 85% and 90%. Cracking temperature and time can be improved 
with the assistance of catalysts. Studies can be undertaken to choose the relevant catalyst for 
an effective cracking temperature and time. Figure 15 presents various peaks of the cracked 




This is a simulated cracking achieved at 300 °C. (see APPENDIX A3 including  the compounds 
on the peaks of the chromatograph presented in Figure 15) 
 
Figure 15: Chromatograph of simulated cracking for crude bio-oil from Nannochloropsis 
sp 
 3.3.1.6 Fractionation 
A distillation unit was used for fractionation. This process was conducted at atmospheric 
pressure. During fractionation, solvent recovery took place between 60 °C and 65 °C.  
From 70 °C to an end-point of 250 °C, middle distillate alkanes making a jet fuel from 
microalgae oil were collected. 
3.3.2 Overall Flowchart   
Figure 16 presents the entire process undertaken in the laboratory to produce bio-jet fuel from 
microalgae cultivation. Future research can examine the possibility of adding upgrading and 

















          Figure 16:   Flowchart of processing operations from algal cultivation to bio-jet fuel 
 
3.3.3 Characterisation of the algae-based jet fuel from Nannochloropsis   
The jet fuel produced was characterised with GC/MS. This was followed by physico-chemical 
analyses to determine if the product was similar to the conventional Jet A1 used as a reference. 
Physico-chemical analyses were also completed, in compliance with ASTM standards for 
aviation fuels. Figures 17 and 18 present the chromatographs resulting from the 
characterisation of jet A1 and the bio-jet fuel produced in this study.  Table 8 shows details 































Table 8:  Comparison between peaks from chromatographs of bio-jet fuel (a) and 
conventional jet fuel (b)  
  




There is a similarity between both jet fuels in terms of content when analysing all the peaks 
and the compounds from the chromatographs. This is confirmed by the fact that most 
compounds found in bio-jet fuel, and from jet A1, are alkanes as indicated in both versions of 
table 8. These alkanes have been recorded on all peaks for both Jet A1 and algae-based jet fuel. 
A few exceptions were found with the Jet A1: some compounds appear with oxygen and sulfur; 
these come from the petroleum crude oil and the additives used for improving the physico-
chemical proprieties of Jet A1. Table 9 presents the average for measurements done in triplicate 
during characterisation. It includes the physico-chemical data of both the bio-jet fuel produced 
in this study and the various conventional jet fuels. The importance of each parameter is 
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Table 9: Comparison between conventional jet fuels and bio-jet fuel produced in the 
current study  
Parameter  




(fuel from this 
study) 
Jet A1  
(ASTM D 1655 
standards) 




Jet B  
( ASTM 
standards D 
1655)  :wide 
cut Kerosene 
Importance of the    
parameter in terms of  
Energy production  
     Heating 
Value      
[MJ/kg] 
 ( Minimum ) 
44 42.8 42.8 42.8 Represents the total 
energy released for fuel 
combustion. It is the 
energy content of the 
fuel 
Freezing 
point        
[oC]   
(Maximum) 
-30 -47 -40 -50 Assists in fuel flow at 
lower temperatures. 
Consequently, the level 
of energy produced will 
not be affected because 
the mass of the fuel will 
not be affected  
Flash point             
[oC]   
(Minimum) 
68 38 38 Not 
reported  





20OC [Cst]   
(Maximum) 
2.8 8 8 Not 
reported  
Influences the capacity 
of the engine to restart 
and consume less fuel at 
higher altitudes.  




0.751-0.802 Affects the engine 
performance and fuel 
consumption because 
the mass of fuel injected 
depends upon its 
density, therefore, the 
energy to propel the 
aircraft  can be affected  
 




















Affects the fuel 
efficient, therefore, the 
generated energy can be 
affected   




 250  300 300 Not 
reported  
Influences the fuel 
quality and the energy 
to be generated by the 
fuel  
  
Analysis of table 9 shows that most parameters recorded for algae-based jet fuel comply with 
the ASTM standards for aviation fuels. The analysis of data for the algae-based jet fuel shows 
that only density and freezing point need to be improved. This can be achieved by the use of 
additives. Bio-jet fuel produced in this study can be blended with Jet A 1, Jet A or Jet B.  




footprint because the refraction index and combustion ability will increase and improve fuel 
sustainability. 
CONCLUSIONS  
➢ High amounts of biomass were produced between day 8 and day 10 of the cultivation 
period with temperatures ranging between 15 and 35 °C under a luminance of 1000 lux 
and supply of CO2 on a daily basis during a cultivation period of 15 days. 
➢ Nannochloropsis sp grew effectively between 15 to 25 °C with more biomass produced 
in the same temperature range. 
➢ The biomass was subjected to physiological modification for 3 days under total nutrient 
starvation with more than an 80% increase in lipid. 
➢ The microalgae bio-oil produced was subjected to thermal cracking without catalyst at 
300 °C for 31 min. 
➢ The pyrolysis of oil was undertaken as a fast cracking at 350 °C for purified bio-oil 
achieved for a maximum period of 12 s while 450 °C was recorded as the pyrolysis 
temperature for microalgae crude bio-oil achieved for the same amount of time 
➢  Fractionation was undertaken between 70 oC and 250 oC.  
➢ Most physico-chemical parameters were within the range prescribed by ASTM 
standards, except freezing point and density. The use of antifreeze can assist in solving 
the issue of a freezing point while polishing processes such as membrane filtration can 
be used to remove particulate matter in order to improve the density. 
 
There is currently a need to mature the technology by moving from pilot to commercial scale. 
Once the technology has reached the level of maturity required for commercialisation, life-
cycle assessment studies can be undertaken to predict the extent of carbon emissions and fuel 
sustainability. The pilot scale can involve more investigations on upgrading processes, the use 
of catalysts, modelling parameters to optimise the bio-jet fuel production and to improve its 
quality. This will also assist in defining conditions for efficient process design which are 
essential for scaling up to the commercial plant. It will also assist in optimising the costs for a 
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                                CHAPTER 4 PREFACE  
The chapter is presented in a form of a research paper accepted and published in Biofuel, 
Biorefinery and Bioproduct journal. The chapter focuses on the design of the entire process 
from the cultivation of microalgae to jet fuel. The basis of the design was the laboratory work 
undertaken in the previous chapter. The laboratory data were used to simulate a conceptual 
design which can be used to escalate the project to pilot or commercial level.  The chapter is a 
continuation of work done in previous chapters. It aims to develop a simplified process from 
microalgae cultivation to jet fuel production and its simulation at a larger scale. Also, suggested 
options aiming to improve the fuel quality to the required standards in the aviation sector are 
part of the chapter.  A simplified process similar to the petrochemical process used for the 
manufacturing of conventional jet fuel was established. The simulation test was run 
successfully, this is an indication that conventional jet fuel technology can be used to 
manufacture algae-based jet fuel that complies with aviation fuel standards. The chapter is 
presented as is from the time it was accepted by the journal, there are minor modifications 
aiming to keep the flow and connection from previous chapters.  The copy of the original  
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ABSTRACT 
 Microalgae oil can be converted into aviation fuel to reduce dependence on fossil fuels and decrease 
the carbon footprint. This could be a significant step toward sustainable energy resources that have the 
potential to produce ‘drop-in’ fuels. Algae-based fuels are potential substitutes for fossil fuels due to 
the quality of their crude oil. However, this is only possible if appropriate conversion processes are 
undertaken. Conversely, microalgae species have low lipid content and biomass harvesting is still an 
energy-demanding process. In this study, a conceptual design is developed for the conversion of 
microalgae oil to jet fuel. It is based on a process undertaken in the laboratory using a species named 
Nannochloropsis sp. Nutrients and CO2 were supplied to the growing culture for effective growth. 
Biomass harvesting was completed on the tenth day of the growth cycle. It was followed by 
physiological modification to improve lipid content. Finally, crude oil extraction was followed by bio-
oil hydrocracking at 350 °C, and fractionation of cracked bio-oil between 70 and 300 °C to separate 
light-, middle-, and heavy-end hydrocarbons for use in the production of jet fuel. During simulation, 
reforming and upgrading processes were added to the design to enhance the quality of the jet fuel to be 
produced on large scale in the future. The study, including the results, suggests that it is technically 
feasible to convert microalgae oil into jet fuel because of the similarity between algae bio-oil and 
petroleum crude oil. 
KEYWORDS: Nannochloropsis; jet fuel; conversion process; microalgae oil; process design; 
simulation   
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4.1 INTRODUCTION  
4.1.1 Background, jet fuel and biodiesel  
 The current need for sustainable energy is focusing on the development of ground-breaking 
and alternative types of renewable energy. This trend aims to fill the gap created by an 
increasing demand from the energy industry.[1] Therefore, options related to the production of 
biofuels such as ethanol, biodiesel and jet fuel from biomass are currently highly considered.  
Ethanol derived from starch, sugar or any other type of biomass can be used as an alternative 
or additive to gasoline.[2,3,4,5] Furthermore, in case the cellulosic biomass is successfully used 
to produce bioethanol at affordable costs, there will consequently be a competition with 
petroleum-based fuels. Regarding the biodiesel alternative, some edible and non-edible oils can 
be a substitute for petroleum diesel provided that the production costs are reduced.[6,7] 
Similarly, it is important to stress the fact that the use of these oils should not be a threat to 
food production, lubrication and many other industrial applications. Unfortunately, this kind of 
biofuel cannot be directly used in aircraft engines as substitutes to jet fuel for which high energy 
density and low-temperature are highly required and very critical parameters. They are among 
key parameters that define the performance of a jet fuel.  
The energy density per unit volume for ethanol is not sufficient to run an aircraft because it is 
half of the total energy produced by a conventional jet fuel. However, the energy density per 
unit volume in biodiesel represents almost 80% of the one contained in jet fuel.[8]  
The major weakness of biodiesel is that at lower temperatures, with an aircraft flying at higher 
altitudes, there will be fuel solidification taking place.[8,9] This is due to the fact that biodiesel 
freezing point is much higher than that of conventional jet fuel. Studies to find an appropriate 
flow improver will be needed for biodiesel.[9] It is a stringent requirement for any aviation fuel 
to have a very low freezing point to avoid disastrous consequences due to its solidification 
during the flying time. Therefore, biodiesel cannot be a suitable fuel for aircraft.   
4.1.2 Market expectations, current state of technology   and requirements to 
produce algae bio-oil 
It is essential to produce algae-based jet fuel with similar physico-chemical properties to 
conventional jet fuel; it has to be cost-effective and sustainable and have low carbon emissions. 
A designing and simulating process including modelling and optimizing some parameters 
could be a key milestone in the production of sustainable jet fuel from microalgae oil. Many 




The field of alternative aviation fuels, and more especially work on microalgae-based jet fuels, 
is becoming particularly competitive. Demand and market expectations are very high with 
regard to compliance and costs. ‘Drop-in’ fuels are the most needed but they are not sustainable 
as yet; however, the blending of current fossil fuels with algae-derived fuels is considered to 
be a sustainable option. Due to strong similarity between petroleum crude oil and algae bio-oil 
qualitatively and quantitatively (depending on the species/strain), it is possible to use a process 
that is similar to that used in refineries for conventional jet fuel in order to produce algae-based 
jet fuel [10]. However, the process has to be improved economically for the algae-based jet to 
be competitive and finally become commercialized. There is currently no jet fuel on the market 
produced on a larger scale from algae bio-oil. Many projects are still at trial and pilot scale. 
Algae-based jet fuel is only blended with conventional jet fuel on 50/50 ratio as allowed by 
ASTM certification. 
 For microalgae to produce oil, biomass cultivation must take place under defined conditions 
of temperature and pH. The addition of nutrients and carbon dioxide to allow effective growth 
should also be part of the cultivation process. Harvesting takes place after the cultivation period 
and thereafter bio-oil extraction is undertaken to produce bio-oil for the conversion process. In 
some situations, microalgae grow best in saline water / seawater or wastewater more generally, 
and in domestic sewage because of the presence of nutrients such as nitrates and phosphates. 
However, this is not always possible for all species or strains; some will grow easily in any 
water or wastewater streams and other not, and it also depends on the species or strain’s nature 
or type. Being photosynthetic organisms, microalgae cells require sufficient light to guarantee 
an effective growth in order to produce enough biomass. Species can therefore multiply in a 
very short period of time if all growth conditions are gathered. Sunlight can be used, in this 
regard, as a cheap option for culture illumination; it is an energy-efficient way to cultivate 
algae, although there could be daily and seasonal variations in terms of light intensity [11,12] 
conventional jet fuel on 50/50 ratio as allowed by ASTM certification. 
4.1.3 Cultivation, lipid production and lipid content   
 Cultivation takes place in photobioreactors or open ponds. Various microalgae species store 
energy in the form of hydrocarbon, which can produce lipids or bio-oil. This is obviously 
happening when nutrient depletion takes place during the cultivation period. This period is 
characterized by the species growth, which is regarded as the biomass production time.[13,14] 
The cells’ buoyancy is also regulated by the lipids present in them. However, the lipid content 




conditions it is possible to increase bio-oil output. Genetic or physiological modification of 
microalgae cells will stimulate lipid increase. This is needed for conversion processes.  
The genetic modification of an algal cell is all about stressing the species under adverse 
conditions to stimulate the metabolism of the microalgae cell. As a result, stressing microalgae 
cells under defined conditions will allow the production of more lipids. 
4.1.4 the need for effective conversion processes and Overview of conversion 
processes  
  Algae-based fuels in general and jet fuel particularly require cost-effective processes or 
technologies that will: first, allow effective cultivation and harvesting of biomass, second, 
generate a high output of crude oil and finally, assist in optimising conversion processes or 
technologies to produce compliant jet fuel.[10,15]  Process design and simulation including 
optimisation of parameters is therefore very important to produce a compliant and cost- 
competitive jet fuel as mentioned earlier.  The design of conversion processes should thus take 
into consideration operating conditions, energy consumption, the cost of additives and the 
expectations of the aviation sector and the market.[10]  
Many approaches can be explored to convert microalgae oil into liquid fuels. Gasification of 
algae biomass using Fischer–Tropsch (F–T) synthesis is known to be a successful  
process.[16–20] However, gasification is energy-intensive because it requires higher temperatures 
to reach an adequate gasification stage. The F–T synthesis is also characterized by low 
selectivity for liquid fuels – especially for fractions in the range between C6 to C22; there are 
lighter fractions, such as methane and ethane, and there are middle and heavy fractions.[21] 
Transesterification is another approach that can be used to convert microalgae oil into aviation 
fuel; this approach is known as the biodiesel route, although it is not energy intensive; however, 
it involves catalytic processes such as decarboxylation, deoxygenation, and isomerization, 
which can be costly compared to the ones used for the production of conventional  
jet fuel.[10,22–26] Hydroprocessing oil from microalgae can also generate a jet-fuel type using 
hydrogen as a catalyst during cracking.[27,28] The hydrogen removes oxygen from algae crude 
bio-oil during the process. Despite the challenge related to low lipid content for many species, 
these processes are technically achievable. Another challenge is the costs related to the 
feasibility or economics of the processes. These costs are higher compared to those related to 




4.1.5 Process design and the aim of the study  
When designing an efficient process, it is important to take into consideration the type of 
species, growth conditions, growth time, the rate of biomass production, and the possibility of 
producing a large amount of lipids. The current study based the process design on laboratory 
experiment. Most parameters for design were collected from the experimental laboratory work. 
Designing and simulating a process for algae-based aviation fuel should focus on developing a 
sustainable technology. This technology must be developed over time so that its escalation will 
need few modifications for the fuel to be ready for use. The maturity of the technology will be 
a major characteristic that will reflect on its readiness. This comes after successful trials at 
laboratory and pilot scale. It is followed by implementation on a larger scale. 
The aim of this study is to establish a conceptual design and simulate the entire process by 
involving all the steps from cultivation to production of jet fuel using the Aspen HYSIS V8.8 
package, which was the only version available for the study. The design can be used as a tool 
for a larger scale plant in the future once studies of the costs and economics have been 
completed. The strain used during experimental work to generate the biomass and the crude oil 
was Nannochloropsis sp., a marine species. The steps and operating conditions used in the 
laboratory constitute the basis for process design, as mentioned earlier. This approach aims to 
mimic a process close to that used for conventional jet fuel production. The specific aim in 
simulating the process is to generate a microalgae-based jet fuel that can comply with stringent 
aviation regulations. This is to some extent possible because of the similarity between algae 
crude bio-oil and crude petroleum oil as mentioned before.[10] Cost analysis is not the focus of 
this study; it can be addressed on its own in another study. It is a very interesting aspect of 
design but it needs to be undertaken after successful design and simulation. This study focuses 
on conceptual design and simulation based on data generated from a laboratory experiment. 
Future studies can be undertaken on a very detailed design involving equipment modelling and 
sensitivity analysis needed for all variables before undertaking cost studies. 
4.2 OVERVIEW ABOUT NANNOCHLOROPSIS OIL  
Nannochloropsis sp. contains both eicosapentaenoic (EPA) and docosahexaenoic (DHA) acid 
oils. Its higher percentage of neutral lipids allows Nannochloropsis sp. to be an excellent 
candidate to produce the alternative jet fuel needed for commercial and military aircraft. 
Furthermore, the high quantity of EPA (20:5 ω3), reaching up to 5% w/w of the biomass, 




pharmaceuticals. Generally, if the biomass productivity is higher, there is a probability of 
generating a high EPA productivity rate [29,30]. Nannochloropsis sp. is also recommended as a 
source of the lipid needed to produce biofuels because more than 60% of lipids can be achieved 
after nitrogen starvation. These lipids are essentially triacylglycerol (TAG) with saturated and 
monounsaturated fatty acids [31–33]. The greatest advantage of Nannochloropsis sp. for high-
quality biofuel production can be attributed to its high concentrations of EPA. The percentage 
of EPA and other fatty acids present in Nannochloropsis cells may influence the species growth 
conditions, and biomass and lipid productivity. These parameters correlate strongly with the 
species’ EPA content. Some studies have reported that Nannochloropsis sp. major fatty acids 
are C 14:0, C16:0, C20:4ω6 and C 20:5ω5.[34–36] They are short chains of fatty acids with a 
high percentage of saturation and unsaturation and mono-unsaturation configurations. Based 
on these facts, algae bio-oil in general and Nannochloropsis sp. bio-oil in particular can be a 
potential source for jet fuel production. Table 1 presents a brief composition of algae crude 
bio-oil compared to the petroleum crude oil. 
Analysing the data in table 10, it is obvious that there is no significant difference between the 
percentages of Sulfur, Oxygen, Nitrogen and Carbon for both crudes. This confirms that there 
is a good possibility of generating jet fuel from algae oil as mentioned previously.  
 
Table 10:  Comparison between algae crude oil and petroleum crude  
W % Algal crude  37 Petroleum crude 38,39,40,41 
Sulfur   0.5 1.42 
Oxygen 5.5  0.1-1.5 
Nitrogen 4.4  0.1-2.0 
Carbon  78.7 83-87 
 
4.3 RESULTS AND DISCUSSION  
4.3.1 Laboratory process for jet fuel production, methodology, operating 
conditions and results  
The laboratory experiment to obtain jet fuel from microalgae using Nannochloropsis sp. was 
completed in a study prior to the current one by Bwapwa et al. (2018).[42] ( The study is related 
to the previous Chapter : Chapter 3). The experiment involves cultivation, harvesting 
(dewatering), oil extraction by solvent, cracking, and fractionation. Figure 19 summarizes the 
laboratory process used to obtain jet fuel from microalgae biomass. Jet fuel produced from the 
laboratory experiment includes cultivation and all the conversion processes mentioned earlier. 
The use of nutrients and CO2 is completed during cultivation followed by the physiological 




Conversion processes take place after biomass harvesting in order to produce jet fuel.  
The characterization of jet fuel aiming to determine the level of compliance regarding the 
production of jet fuel is also included in the study undertaken by Bwapwa et al., 2018.[42]  
(the study is related to the previous  Chapter : Chapter 3). The experiment used to produce jet 
fuel was reproduced in the current study and the data obtained confirmed that most but not all 
physico-chemical parameters analysed were in accordance with ASTM standards. This current 
study is a continuation of the laboratory-based experiment to develop a conceptual design for 
jet fuel production from microalgae species.   
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Figure 19: Detailed Approach used to produce jet fuel from nannochloropsis sp in the 
laboratory (adapted from Bwapwa et al., 2018) [42]  
Cultivation was undertaken in a 2-l glass bottle photobioreactor. The cultivation environment 
was made of saline water representing the marine environment in which Nannochloropsis sp 
can grow effectively. Nutrients and CO2 were supplied to the growing culture to sustain the 
growth during cultivation as mentioned earlier. CO2 provides more carbon chains and allows 
the increase of lipids within the cells. It was added daily to a 2-l photobioreactor for the 15 days 
cultivation period. Its quantity represented 5 % of the total volume of the photobioreactor.[42] 
F/2 media was used as a source of nutrients needed for the species growth. This media includes 
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The salinity concentration of saline water was 30 ppt representing the average salinity for 
seawater to facilitate the effective   growth of the species. Magnetic stirring was implemented 
after adding 50 g of dry Nannochloropsis sp biomass to the media. The culture was growing at 
room-controlled temperature of 25 oC under continuous illumination of 1000 lux for 24 hours. 
Growth was monitored using a Turner Designs spectrophotometer Model #7200-000, San José, 
CA (USA) with Optical Kit P/N 10-040R to record the optical density.  This was achieved by 
measuring chlorophyll A non- acid daily as the cells were multiplying very fast.  These optical 
density values were the reflection of culture growth for which the highest value was recorded 
on day 10.  After the tenth day, it was observed that the optical density was decreasing 
perceptibly. This was the sign that after the 10th day cells were dying; no more cells were 
produced.    
Harvesting was undertaken on the tenth day using a centrifuge for biomass dewatering.  
The wet biomass in form of heavy slurry was subjected to a physiological modification to 
increase the lipid content. Physiological modification was achieved by the total deprivation of 
nutrients, which was undertaken in a separate environment after harvesting biomass.  
This process aimed to stress microalgae cells by manipulating their physiology in a nutrient-
free environment. This influenced the cells metabolism and boosted their lipid content as 
mentioned earlier. Thereafter, another separation using the centrifuge was undertaken to 
recover the biomass and use it for bio-oil extraction. From 2 l of culture, 1500 ml of algae on 
average was collected for several times during cultivation. An average of 900 ml of bio-oil 
mixed with solvent was recovered and the remaining 600 ml was made of wet biomass. The 
bio-oil extraction was completed with a mixture of chloroform–methanol in 1/1 volume ratio. 
This was undertaken in beaker with magnetic stirring for 30 min. Thermal cracking of bio-oil 
in a close glass container without a catalyst was undertaken in a furnace MSF 12/6, MRC, 
Ukraine at 300 °C for a duration of about 31 min with the following power characteristics: 220 
V / 50 Hz, 2700 W.  
After cracking, the bio-oil was fractionated using a distillation unit at a pressure of 1 bar. Mixed 
solvent made up of chloroform and methanol was recovered from fractionation at between 60 
and 65 OC, chloroform was recovered first and then followed by methanol.   
The distillate representing the jet fuel from microalgae oil was collected from  
70 OC to an end point of 250 OC. Table 11 presents the data recorded from the characterisation 
of the algae-based jet fuel generated from the laboratory experiment. The results were recorded 




The analysis of this data shows that most parameters are in accordance with the ASTM 
standards except the freezing point and specific gravity. However, these two parameters can be 
improved with the use of relevant additives or processes.  
Table 11:  Characterisation data for Algae-based jet fuel produced from the laboratory process 
indicated in Figure 19 
Parameter Algal based-jet 
fuel 
ASTM 
standards for jet 
fuel  (ASTM D1655 
standards ) 
Net Heat of Combustion       
[MJ/kg] 
44±0.5 42.8 (Minimum) 
Freezing point        [oC] -32±4 -40  (Maximum) 
Flash point             [oC] 
 
68± 0.3 38 (Minimum) 
Final boiling  point           [oC] 250±3 300 (Maximum) 
Kinematics Viscosity 
@ -20 oC    [ cSt] 
2.8±0.2 8  (Maximum) 
Density  @ 15 oC  [g/cm3] 0.96±0.1 0.775-0.840 
Total acidity         mg KOH/g 0.05±0.001 0.015 ( Maximum) 
Total Sulfur % 0.27± 0.02 0.3 ( Maximum) 
Conductivity  pS/m 85±0.6 50-450 
 
4.3.2. Discussion of the data recorded in table 11 for the algae-based jet fuel 
4.3.2.1Net Heat of Combustion                                  
Heating value, also known as Net Heat of Combustion, represents the amount of energy that 
can be generated by a jet fuel in order to run an aircraft. It is a very important parameter required 
for all fuels including jet fuel. The data in table 11 has recorded a heating value or Net Heat of 
Combustion of 44 MJ/kg for algae-derived jet fuel which is above the minimum of 42.8 MJ/kg 
required by ASTM standard for jet fuel.  
4.3.2.2Freezing point  
The freezing point is another very important parameter regarding the performance of a jet fuel. 
It influences jet-fuel fluidity and pumpability at lower temperatures during the flight. At higher 
altitudes, where temperatures are much lower, the jet fuel will tend to crystallize.  
It is therefore important to have a jet fuel with the lowest freezing point to avoid the 
solidification of the fuel at higher altitudes. An ice inhibitor or anti-freezing ingredient can be 
added to ensure that jet fuel does not solidify. The result, reported in table 11, shows that the 
freezing point of algae-based jet fuel, which is -32 O C is higher than the value of -40 OC required 
by ASTM.  In this case, the use of an ice inhibitor or anti-freezing ingredient is therefore 






4.3.2.3 Flash point  
The flash point relates to jet fuel volatility. This can have an impact on combustibility and 
flammability. It is the main parameter related to fire safety associated with jet-fuel handling at 
various temperatures. The data reported in table 11 indicate a very high flash point for algae- 
derived jet fuel. This is an indication that the algae- derived fuel presents lower risks of 
flammability at lower temperatures and can be handled safely in hot environments. 
4.3.2.4 Final Boiling point for distillation  
The final boiling point recorded in table 11 is 250 °C. A maximum of 300 °C is prescribed by 
the ASTM standard for jet fuel. This implies that all hydrocarbon fractions needed for jet fuel 
can be collected at 250 °C, reducing the energy demands for the fractionation process. 
4.3.2.5 Kinematic viscosity  
Viscosity affects the fuel’s fluidity and also, to a larger extent the fuel’s pumpability over an 
operating temperature range. The ASTM maximum limit for viscosity at -20 OC is 8 cSt. In this 
study, algae-based jet fuel recorded a value of 2.8 cSt for viscosity at -20 OC as indicated in 
table 11. This parameter complies with the ASTM standard regarding kinematic viscosity.  
4.3.2.6 Density  
Density relates to volatility and specific energy. The recorded density at 15 °C for the algae-
based jet fuel is equal to 0.96 g/cm3 and it is found beyond the range provided by the ASTM 
standard for jet fuel, as indicated in table 11. This could be due to the presence of dissolved 
particulate matter in the algae-based jet fuel. The cleanness of the algae-based jet fuel could be 
the cause of this situation. It is possible to remedy this situation by using reforming and 
upgrading processes. 
4.3.2.7 Total acidity  
The total acidity of algae-based jet fuel was found to be higher than the maximum value 
required by ASTM standard for jet fuel, as indicated in table 11. This is probably due to the 




the jet fuel very corrosive to metals. To remedy this situation a corrosion inhibitor can be used 
as an additive.  
4.3.2.8 Total Sulfur  
Total sulfur was slightly lower than the maximum limit required by ASTM standards for jet 
fuel as indicated in table 11, so there is compliance in this respect. The origin of Sulfur in the 
jet fuel is linked to the type of the marine species used to produce the fuel. 
4.3.2.9 Conductivity  
Conductivity represents the amount of dissolved substances present in the jet fuel. The 
dissolved substances may come from particulate matter that is not removed from the algae-
derived jet fuel. The fuel needs more purification processes, such as rectification or membrane 
filtration, to keep the level of purity required for an aviation fuel. The data recorded in table 11 
show that conductivity complies with the limits required by ASTM standard. However, 
although it complies with the standard, there is a need to decrease it in order to reduce the 
acidity and density. An advanced filtration process such as membrane filtration can assist in 
this regard. 
4.3.3 Approaches to design and simulation 
A viable design process for algae-based jet fuel must clearly emphasize carbon footprint 
reduction, costs, and environmentally related issues in order to compete with petroleum-based 
aviation fuels. In this study, the use of domestic wastewater or seawater for cultivation is 
suggested. The supply of CO2 wastes from fossil plants to the growing culture during 
cultivation period is also suggested. These are inexpensive wastes that can assist the cultivation 
process and reduce dependence on freshwater resources and manufactured nutrients.  
This design should be a simple process that can be improved when the quality of the final 
product needs to be enhanced as mentioned before. This happens when additives are used to 
improve physico-chemical properties such as freezing point and lubricity of the fuel. 
The simulation approach will assist in modeling the data recorded in the future to optimize 
parameters influencing the effective production of jet fuel from microalgae oil.  
The simulation work uses an Aspen HYSIS V8.8 package through which physicochemical 
properties of biomolecules and mixed compounds as well as reaction thermodynamics can be 
determined. After a successful running of the simulation, a detailed report, including 




aspects related to mass and energy balance, entropy and enthalpy of reactions involved in the 
combination of many compounds, pressure and temperature at each step or unit process, mole 
flow, density, reaction kinetics, available equilibria phases, molar concentrations, molecular 
weight of compounds, and raw materials. To obtain these parameters, there are basic 
parameters that need to be supplied to the simulation engine. 
In this study, the basic parameters were supplied to the simulation engine from the data 
generated from the laboratory experiment. The report is easily generated by the software 
package because it includes chemical component libraries, thermodynamic method libraries, 
unit operation modules, the thermodynamic data manager (TDM), and a programmer.  
In this case few assumptions were considered. Firstly, not all of the operation units in process 
design can be found in the Aspen HYSIS V8.8 operation unit libraries. Creative adjustments 
and simulation process combinations must therefore be used to mimic some of the design 
processes. Secondly, algal nutrients can be represented by CO2, HNO3 and H3PO4, which 
contain the most important elements such as N and P for microalgae cultivation. Thirdly, the 
feed serving of 1500 kg/h of oil was used as a basis to feed the hydrocracker after cultivation, 
and a conversion rate of 85% was chosen for the entire process. The design and simulation 
approaches were also based on the large amount of information collected in studies undertaken 
by Eloka-Eboka et al.[43] and Onunka et al.[44]. In both studies the focus was on the process 
planning and development, criteria / concept selection, and optimization of parameters with 
required characterizations converted into measurable characteristics for the design of an 
efficient, operable and sustainable plant using microalgal oil. It was also found that a practical 
alternative source of energy is conceivable to reduce reliance on fossil-based energy. Some of 
the elements from these studies were very relevant to the conceptual design of the current study 
4.3.3 Summary data for simulation   
➢ Cultivation temperature: The simulated temperature was between 20 to 30 OC for  
15 days under photosynthetic conditions, the highest amount of biomass will be collected 
on the tenth day. Two phases: liquid and solid (wet biomass). 
➢ Macroalgae harvesting:  Simulated at ambient temperature and atmospheric pressure 
in sedimentation tank. Coagulants and flocculants can be used in this regard to speed up 
the process. Two phases: liquid and solid (wet biomass). 
➢ Physiological modification: Simulated in highly purified water at ambient temperature 




➢ Oil extraction: Achieved by evaporation, the evaporation temperature should be 
between 60 to 70 OC to remove all the solvent. Two phases: solid (wet biomass) and 
liquid (bio-oil and solvent).   
➢ Bio-oil storage: This is done in a collecting tank at ambient temperature and atmospheric 
pressure. One phase (liquid). 
➢ Hydrocracking temperature, time and pressure: The simulated cracking temperature 
was 300 OC with a pressure of 1 bar for a duration of 30 minutes. This is almost the same 
with the data from the GC/MS obtained during the laboratory experiment. One phase 
(liquid). 
➢  Distillation or fractionation: Begins at 70 OC and ends at 300 OC under a pressure of  
1 bar for 90 % recovery. One phase (liquid). 
➢ Partial evaporation: Between 50 and 70 OC at atmospheric pressure, light vapor or 
liquid phase will be collected at the outlet of the flash vessel. It will be considered as a 
waste. Two phases (liquid and vapor)  
➢ Reforming: low pressure of 5 bars was chosen to allow partial dehydrogenation, 
simulated temperature for reforming was 250 OC to allow the light-end distillate fractions 
to be amalgamated into high-end distillate fractions. One phase (liquid). 
➢ Upgrading:  involving hydrocracking, product and by-product separations such as H2. 
CO2 and water. The main variables for this process are hydrocracking temperature, 
simulated at 350 OC, low pressure of 1 bar, column operation parameters and the bypass 
ratio. This ratio is defined as bypassed light-ends hydrocarbons/total hydrotreated crude 
bio-oil. The simulated amount of hydrogen for the process is 5 to  
10 % of the total volume of the reactor. One phase (liquid).  
 
4.4 PROCESS FLOW DESIGN     
Figure 20 is the flow chart of the simulated process developed in the current study. Only 
essential details of the process design and various steps are summarized in table 12  
(the ‘Process details’ section: section 4.5). This process flow chart is developed from the work 
completed in the laboratory presented in Figure 19. Most simulation results are based on the 
data generated from the laboratory work presented earlier. The main reason for the use of 
reported experimental conditions in the laboratory is that these conditions have successfully 




standards.  An attempt to optimize some key parameters was undertaken aiming to enhance the 




















                                         Figure 20: Conceptual designed process flow diagram for the conversion of microalgae biomass into jet fuel     
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4.5 PROCESS DETAILS 
The main details regarding the flow chart of the operations are summarized in table 12.  
The table explains in details how unit processes are structured. These processes are presented 
in the order in which they take place, from the cultivation of microalgae to the production of 
jet fuel. 
Table 12: details and discussion of the process design  
Process  
(from microalgae 




On the flow 
chart  













Cultivation of biomass is the first step of the 
entire process. It is taking place between   
20 and 30 OC. This is the simulated 
temperature range for a photobioreactor or 
open pond with culture growing under solar 
light. The biomass enters the plant via 
stream 1 in the cultivation tank modelled 
with one inlet and one outlet. Practically, 
nutrients such as CO2, Nitrates and 
phosphates   will be supplied to the growing 
culture via  
stream 1.  
Domestic wastewater or seawater can be 
used as a growing media. This means that a 
wastewater treatment plant (also suggested 
by Roberts et al., 2013 [37]; Max et al., 2014 
[14] ) can serve as a cultivation option. 
Alternatively, a farming algae facility on 
the sea can be also considered for the same 
application especially for marine species 
such as Nannochloropsis sp. This can be a 






















Harvesting   
 
 


























-To boost lipid 






This step can be achieved at ambient 
temperature and atmospheric pressure. 
Harvesting will take place in a 
sedimentation tank modelled with one inlet 
and two outlets. The biomass generated 
from the cultivation step should be pumped 
to the sedimentation tank via stream 8. The 
use of flocculants or other fast and effective 
harvesting options can be undertaken to 
speed up the process. The design is flexible 
in this regard. Physiological modification 
can take place in the sedimentation tank 
after harvesting microalgae. After 
dewatering the biomass, 
the volume of the wet biomass can be 
subjected to the stressing process to 
manipulate and modify the cells 
physiology. This is achieved through 
nutrient starvation as mentioned in the 
laboratory experiment. The simulation used 
biomass that is deprived with all nutrients 
for a period of 3 days as in the laboratory 
experiment. This will bring a change in cell 
metabolism, causing an increase in the lipid 
content. The cells are being stressed by 
keeping them in harsh conditions. An 
increase in lipid content of 80% can 
therefore be expected. This is done in highly 

















conversion into jet 
fuel.  
Extraction of bio-oil is completed on wet 
biomass after cells physiological 
modification. It uses a mixture of solvent 
made up of chloroform and methanol in 
1/1volume ratio as undertaken during the 
laboratory experiment. This unit, modelled 
with one inlet and one outlet, should have a 
boiling system for solvent evaporation 
at temperatures depending on the solvent 
used, in this case the temperature was 
between 60 and 70 °C. From the harvesting 
process, the wet biomass is pumped to the 
extraction unit via stream 12. The solvent is 
recycled back into the unit via stream 15. 
Stream 18 is used for the removal of wet 
biomass sludge. Once the biomass sludge is 
removed via stream 18, the solvent is taken 
out via stream 15.  
A condenser will be needed on stream 15 to 
liquefy the solvent vapor. Therefore, once 
the wet biomass and solvent are taken out of 
the EXTRACT biooil can be collected into 






Storage of algae 
bio-oil after 
extraction. This is 
done to supply 
continuously the 
plant with crude 




Simulated in such a way that algae bio-oil 
should be stored in a tank modelled 
with one outlet and one inlet operating at 
ambient temperature before it is pumped to 
conversion processes. The storage time 
depends on how long the conversion 









Breaking down of 
larger 
  





Algae bio-oil is pumped to the cracking unit 
via stream 2, the simulated cracking 
temperature has to vary between 200 and 
400 OC. This is consistent with the 
specifications from the literature for 
effective cracking and minimizing coke 
formation [24,45,46].  The upgrading unit 
supplies hydrogen to the cracking unit via 
stream 19 to act as a catalyst during 
cracking. The CO2 generated from this step 
can practically be channelled to the 
cultivation tank to be used as nutrients via 
stream 1. The cracking unit has one inlet 








nation of light, 
middle and heavy 
fractions of 
hydrocarbon 
broken chains  
 
The cracked algae bio-oil is pumped to the 
fractionation unit via pipe 3, simulated 
distillation takes place from 70 to 300 OC at 
a pressure of 1 bar. Stream 10 will collect 
the light-end distillates and will send them 
to the reforming unit.  The jet fuel made of    
middle-end distillates will be collected via 
stream 11. This will happen up to a 
maximum temperature of 300 OC 
considered as end point for middle-end 
distillates. Heavy-end distillate fractions 
will be collected at temperatures beyond 
300 OC and sent to the reactor for upgrading. 
The distillation equipment is modelled 
using resources found in the simulation 























Recovery of light- 
ends liquid 
distillates to be 
sent for 
reforming.  
Light-end distillates and a small fraction of 
middle-end distillates will get out of the 
distillation unit in a mixed liquid-vapour 
phase between 50 and 70 OC. This mixture 
is channelled to the flash vessel via  
stream 21. The pressure within the flash 
vessel is 1 bar. From this flash vessel a 
liquid phase will be collected at the bottom 
via stream 22 and a very light vapour or 
liquid phase will be released via stream 23. 
The liquid phase from the flash vessel will 
also be sent to the reforming unit. In 
practice this means that stream 22 will be 
connected to the reforming unit. The flash 



















From the reforming unit, all liquid phases 
either from the fractionation unit or flash 
vessel coming respectively from streams 10 
and 22 will be pumped to the reactor 
or upgrading unit via stream 9, this stream 
will be made of hydrogen from the 
dehydrogenation as well as high-end 
distillate compounds as mentioned earlier. 
The equipment was modelled according to 
the resources available in the package 
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sent to the 
fractionation unit 
for separation.  
This unit is also 
supplied by steam 
allowing the 
production of H2 
that is sent to the 
cracker for 
hydrocracking   
Upgrading is a catalytic process that will 
produce another cracked bio-oil to be 
fractionated again. This process improves 
the quality of a material by using chemical 
reactions to remove any compounds present 
in trace amounts that make the 
fuel quality undesired. The bio-oil will be 
sent to the fractionation unit via stream 
17. This means this stream will practically 
be connected to the fractionation unit. 
The hydrogen from the reformer might be 
insufficient because depending on the 
volume of distillates generated by the 
reforming unit. The upgrading unit will 
therefore be supplied with more hydrogen 
via stream 16 to act as catalyst in order to 
speed up the upgrading process. This 
hydrogen is needed for the effective 
reduction of oxygen content from algae oil. 
Excess of oxygen in the fuel can have a 
good influence on the fuel combustion but 
it causes nitrogen oxide (NOx) emissions 
due to increased combustion temperature 
and extra oxygen47 
The remaining hydrogen in the unit will be 
channelled to the cracking unit as 
catalyst via stream 19 as mentioned earlier 
after upgrading process is completely 
done. Two inlets and two outlets were used 
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4.6 OPTIMIZATION ATTEMPT FOR SOME PARAMETERS  
Optimization targeted conversion and separation processes such as cracking, distillation, 
reforming, and upgrading because they have a great impact on the final product quality and 
performance. The optimizer featured in Aspen HYSIS V8.8 was implemented to maximize the 
production of the bio-jet fuel, while varying the bypass ratio from 5% to 95%, varying cracking, 
reforming and upgrading temperatures between 200 and 400 °C, which is consistent with 
literature specifications for realistic reaction rates and cracking efficiency, while minimizing 
coke formation. The optimizer predicts an optimal product when using a bypass ratio of 7%, a 
cracker temperature of 300 °C, which is the same as the one obtained from GC/MS during the 
laboratory experiment, and bottom to overhead ratio of 20:1.   
The temperature range varies between 60 and 70 °C to remove methanol and chloroform. As 
bio-oil recovery is achieved by solvent extraction and evaporation it was necessary to optimize 
the solvent extraction temperature at 65 °C to assist in the removal of methanol and chloroform. 
The maximum distillation temperature was optimized at 300 °C to be able to recover as much 
as middle carbon fractions needed in the jet fuel. 
The data from the laboratory complied with ASTM standards, except for density and freezing 
point, which can be corrected through upgrading, reforming, and the use of additives. 
Properties of the jet fuel obtained under the optimized operation conditions are therefore 
expected to comply with ASTM specifications. This supports the hypothesis that it is 
technically feasible to begin with microalgae cultivation, produce bio- oil followed by jet fuel 
production, and finally reform and upgrade it. 
4.7 OVERALL MATERIAL BALANCE  
The overall mass balance is summarized in table 13. This is generated by Aspen HYSIS V8.8 
after running the simulation. It involves the inputs and the outputs from the beginning of the 
process to the end. It also indicates the phases and flow throughout the entire process. Analysis 
of table 13 indicates that all parameters have converged. This is an indication that the 
simulation ran successfully. The convergence is revealed by the presence of zero values 
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    Table 13: Generated mass balance from the simulation  
 
 
Aviation Fuel from Algae Oil
Stream ID 1 2 3 8 9 12 14 15 16 17 19
From B2 B4 B1 B7 B10 B16 B9 B9
To B1 B4 B6 B10 B9 B16 B2 B16 B9 B4
Phase LIQUID LIQUID LIQUID LIQUID LIQUID LIQUID LIQUID LIQUID LIQUID LIQUID LIQUID
Substream: MIXED          
Mole Flow kmol/sec          
  H2O   .0137057   .0125157   .0255376   .0137057 3.93719E-3   .0137057   .0125157        0.0   .0138771 4.79281E-3   .0130218
  CO2 7.01303E-4 6.40409E-4 1.23749E-3 7.01303E-4 1.61168E-3 7.01303E-4 6.40409E-4        0.0 6.31173E-4 1.64579E-3 5.97078E-4
  CHLOROFO        0.0 2.32659E-4 2.32659E-4        0.0        0.0        0.0 2.32659E-4 2.32690E-4        0.0        0.0        0.0
  METHANOL        0.0 8.66802E-4 8.66802E-4        0.0        0.0        0.0 8.66802E-4 8.66913E-4        0.0        0.0        0.0
Mass Flow kg/sec          
  H2O   .2469136   .2254742   .4600671   .2469136   .0709296   .2469136   .2254742        0.0   .2500000   .0863437   .2345930
  CO2   .0308642   .0281842   .0544615   .0308642   .0709296   .0308642   .0281842        0.0   .0277777   .0724310   .0262772
  CHLOROFO        0.0   .0277742   .0277742        0.0        0.0        0.0   .0277742   .0277777        0.0        0.0        0.0
  METHANOL        0.0   .0277742   .0277742        0.0        0.0        0.0   .0277742   .0277777        0.0        0.0        0.0
Total Flow kmol/sec   .0144070   .0142555   .0278745   .0144070 5.54887E-3   .0144070   .0142555 1.09960E-3   .0145082 6.43860E-3   .0136189
Total Flow kg/sec   .2777778   .3092068   .5700771   .2777778   .1418593   .2777778   .3092068   .0555555   .2777778   .1587748   .2608703
Total Flow cum/sec 2.73365E-4 3.02735E-4 5.59951E-4 2.73365E-4 1.74572E-4 2.73365E-4 3.02735E-4 5.25589E-5 2.75387E-4 1.82387E-4 2.58620E-4
Temperature K   298.1500   298.1500   298.1500   298.1500   423.1500   298.1500   298.1500   298.1500   303.1500   405.9879   303.2596
Pressure N/sqm 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5
Vapor Frac        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
Liquid Frac   1.000000   1.000000   1.000000   1.000000   1.000000   1.000000   1.000000   1.000000   1.000000   1.000000   1.000000
Solid Frac        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
Enthalpy J/kmol -2.9118E+8 -2.8542E+8 -2.8797E+8 -2.9118E+8 -3.0852E+8 -2.9118E+8 -2.8542E+8 -2.1649E+8 -2.9014E+8 -3.0593E+8 -2.9017E+8
Enthalpy J/kg -1.5102E+7 -1.3159E+7 -1.4080E+7 -1.5102E+7 -1.2068E+7 -1.5102E+7 -1.3159E+7 -4.2850E+6 -1.5154E+7 -1.2406E+7 -1.5149E+7
Enthalpy Watt -4.1951E+6 -4.0688E+6 -8.0269E+6 -4.1951E+6 -1.7120E+6 -4.1951E+6 -4.0688E+6 -2.3806E+5 -4.2095E+6 -1.9698E+6 -3.9518E+6
Entropy J/kmol-K -1.5552E+5 -1.5891E+5 -1.5735E+5 -1.5552E+5 -1.0127E+5 -1.5552E+5 -1.5891E+5 -2.2871E+5 -1.5478E+5 -1.0775E+5 -1.5469E+5
Entropy J/kg-K  -8066.178  -7326.200  -7693.954  -8066.178  -3961.154  -8066.178  -7326.200  -4526.852  -8084.095  -4369.474  -8075.766
Density kmol/cum   52.70279   47.08939   49.78032   52.70279   31.78558   52.70279   47.08939   20.92136   52.68323   35.30184   52.66025
Density kg/cum   1016.143   1021.379   1018.083   1016.143   812.6120   1016.143   1021.379   1057.016   1008.681   870.5375   1008.703
Average MW   19.28063   21.69022   20.45152   19.28063   25.56543   19.28063   21.69022   50.52329   19.14615   24.65984   19.15492
Liq Vol 60F cum/sec 2.84950E-4 3.13900E-4 5.80923E-4 2.84950E-4 1.57384E-4 2.84950E-4 3.13900E-4 5.36992E-5 2.84286E-4 1.74655E-4 2.67023E-4
Substream: $TOTAL          
Total Flow kg/sec   .2777778   .3092068   .5700771   .2777778   .1418593   .2777778   .3092068   .0555555   .2777778   .1587748   .2608703
Enthalpy Watt -4.1951E+6 -4.0688E+6 -8.0269E+6 -4.1951E+6 -1.7120E+6 -4.1951E+6 -4.0688E+6 -2.3806E+5 -4.2095E+6 -1.9698E+6 -3.9518E+6
Substream: CISOLID          
Mole Flow kmol/sec          
  H2O        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
  CO2        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
  CHLOROFO        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
  METHANOL        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
Mass Flow kg/sec          
  H2O        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
  CO2        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
  CHLOROFO        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
  METHANOL        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
Total Flow kmol/sec        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
Total Flow kg/sec        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
Total Flow cum/sec        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0        0.0
Temperature          
Pressure N/sqm 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5 1.01325E+5                     
Vapor Frac          
Liquid Frac          
Solid Frac          
Enthalpy          
Enthalpy          
Enthalpy          
Entropy          
Entropy          
Density          
Density          
Average MW          
Liq Vol 60F          
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 CONCLUSIONS  
This study has focused on the following aspects:  
1. Developing the process to produce microalgae-based jet fuel from the laboratory scale.   
2.The adaptability of ASPEN HYSIS V8.8   to simulate the unit processes based on the data 
gathered from the laboratory steps.   
The following are the outcomes: 
➢ The unit processes are described as follows: Biomass cultivation, biomass harvesting, 
physiological modification, bio-oil extraction, hydrocracking, fractionation, reforming, 
and upgrading. The average cracking temperature in the laboratory experiment is 350 
°C; the working pressure for distillation is 1 bar. The same pressure is recorded for the 
flash vessel collecting some middle-end fractions mixed with the vapor phase. The 
solvent used is a mixture of chloroform and methanol in a 1/1 ratio. The overall 
conversion rate is 85%.  The data from the laboratory was used to simulate the process 
including some modifications to run the simulation successfully. The optimization of 
temperature values for various processes was also completed to enable the simulation 
and process design.  
➢ Domestic wastewater plants or farming facilities using seawater for marine species can 
be used to provide a cultivation medium to take advantage of nutrients present in both 
domestic wastewater and seawater. This will also reduce the use of freshwater 
resources. Carbon dioxide from fossil sources can also be collected and used as a 
nutrient for microalgae during cultivation.  
➢ Physiological modification is a very important aspect for algae-based fuels and needs 
to be incorporated in the process to increase the species’ lipid content. The growth 
medium can be either open ponds or a photobioreactor, depending on the available 
possibilities and the environmental conditions.  
Future studies should work on the detailed design and optimization of a sustainable process 
plant to be used at the commercial level, including details of modelled equipment. They 
should also focus on sensitivity analysis, costs, and economic aspects related to the 
conversion processes, life-cycle assessment and fuel sustainability, blending with other 
fuels, detailed thermodynamics studies, and modeling of parameters involving 
effectiveness of some unit processes and costs. 
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                                            CHAPTER 5 PREFACE  
The following chapter is a compiled form of a research paper, it is currently under review in 
the Energy Journal (Elsevier). After producing algae-based jet fuel in the laboratory and 
developing a conceptual design in the previous chapters, it was important to undertake a study 
on B50 blending. This ASTM certified blending option was undertaken to examine the 
performance of the blended jet fuel made of algae-based jet fuel and Jet A1. Due to the costs 
and sustainability issues faced by alternative jet fuels including algae-based jet fuel, blending 
conventional jet fuel A1 and algae-based jet-fuel on a 50/50 volume ratio may be seen as a 
viable option. This chapter is presented with some modifications and very few additions to 
keep the flow and the consistency of the work completed in this dissertation. It aims to analyse 
the efficiency and sustainability of blending algae-based jet with Jet A1 in a 50/50 volume ratio 
using ASTM standards.   
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ABSTRACT  
  Alternative sources of energy are greatly needed to ensure the availability of fuels in the long run. 
Microalgae-derived fuels are amongst the viable options due to their potential to produce sustainable 
fuels. However, the costs related to the production of microalgal and alternative fuels are still higher 
compared to conventional fuels. To deal with costs and environmental issues, the blending of microalgal 
fuels   with conventional fuels can be considered as one of the feasible options. Blending has a positive 
impact on many fuel characteristics including reduction of carbon footprint, costs, freezing point, 
viscosity, flow, heating and combustion.  In this study, jet fuel from Nannochloropsis sp crude bio-oil 
was blended with Jet A1 in 50/50 volume ratio. The data generated from the 50/50 blend jet fuel was 
analysed according to the ASTM standards.  Samples were tested after 30, 60, 90 and 120 days from 
the production day.  It was reported that majority of parameters including Net heat of combustion, flash 
point, kinematic viscosity, conductivity and freezing point were compliant with ASTM standards. 
However, parameters such as density and total acidity were found not complying with ASTM standards. 
This study can have an implication on carbon footprint reduction because of the blending of fossil-
based jet fuel and renewable-based jet fuel known as low carbon footprint fuel. The blending ratio can 
be beneficial for the green energy world in terms of costs and environmental impacts.   
















5.1.1 Background  
The world petroleum resources are being depleted and they might reach a critical point of 
scarcity in the near future due to the fact that they are non-renewable. This can cause a serious 
energy crisis with consequences on many economies. These consequences will particularly hit 
the transportation sector more especially the aviation industry. In today's highly competitive 
energy environment, a flexible approach to deal with issues of reliable sources of energy can 
help in finding alternative and sustainable fuels in order to compete with fossil-based fuels and 
to slow down their rapid depletion [1-4] . 
It is an undeniable fact that fossil fuels although they are very reliable in terms of their 
performance and compliance, they are however not renewable and environmentally friendly. 
Furthermore, they are characterised by unsteady price fluctuations [5,6]. Similarly, there is an 
imperious necessity to identify alternative resources that can be useful for energy production 
that will benefit the energy sector more particularly the aviation industry [7,8,9].  
Currently, the main challenge remains to develop alternative fuels from natural and renewable 
resources that can be real competitors as well as reliable and better substitutes for fossil fuels. 
This situation should be addressed within a reasonable timeframe in order to face an eventual 
scarcity of petroleum oil. Therefore, two major options can be considered in this regard: Firstly, 
the production of biofuels that are renewable, sustainable and compliant to standards.  
They have to be cost-effective, not competing with food, with less water use and low carbon 
footprint. Secondly, blending of biofuels with fossil fuels can be an option to be considered in 
a sense that blending will   balance and combine the weaknesses and strengths of components 
involved in blending in order to comply with standards and satisfy the market  
expectations. [10,11]    
Blending fossil fuels and biofuels is one of the options undertaken by fuel producers for costs 
reduction, environmental compliance including quality assurance and performance related 
 aspects [11][31][32][33]. Also, Fossil fuel costs are generally lower than the ones for biofuels. 
Biofuels have the advantage of being environmentally friendly but costly while fossil fuels are 
affordable but not environmentally friendly [12]. 
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One of the major economic issues for the fuel producer is to use relevant conversion processes 
which are costs effective to produce high-quality fuel that can satisfy the need of the fuel user 
or market. Therefore, the final product has to comply with the criteria defined by the standards 
[13,14]. In this regard, blending can provide an advantage over other options by generating a jet 
fuel with low carbon footprint which should also be compliant with standards [15,16]. However, 
the costs of the blend will depend on the overall production costs for single fuels involved in 
the blend and the blending costs.  
 Fuel blending could be one of the options to be considered in the near future as a sustainable 
possibility for green energy production and carbon footprint reduction[17]. The greatest 
expectation is such that the blend should be sustainable, compliant and has to be certified by 
ASTM or any other certification institution. This implies that blended fuel will be subjected to 
stringent regulations and standards in order for it to be on the market and compete with the 
existing fuels.   
Microalgae-based fuels are currently positioning themselves on the market to compete with 
fossil fuels for power generation and energy production. Many companies such as Algenol, 
Algae Fuel System, Solazyme, Sapphire Energy, Euglena, Alpha Biotech, AlgaFuel S.A, 
AlgalOilDiesel, Algae.Tec and many others are successfully involved in the production of 
algae-based fuels. However, the main challenge for microalgae-based fuels remains the low 
productivity of lipids and high production costs owing to conversion processes[18]. 
Consequently, blending microalgae-based fuels with fossil fuels can be undertaken and 
analysed to find out if it can be an acceptable option despite the existing certification from the 
standardisation institutions. This is more related to the performance of the fuel compared the 
existing ones.   The current study is focusing on compliance from blending algae-based jet fuel 
and Jet A1.  
Currently, regarding jet fuel blending options, there is only 50/50 blend that is certified by 
ASTM[19].   Jet fuels from microalgae have already successfully been tested in both commercial 
and military aircraft.   ASTM has approved the use of biomass-based jet fuel since July 2011 
for commercial flights.  The ASTM certification is valid only for blending with conventional 
Jet fuel in a 50/50 volume ratio (B50). The certification is valid for all fuels from biomass 
which are cleared for take-off. However, the blended jet fuel has not been used consistently by 
the aviation sector despite the B50 certification. The issue related species oil content, 
sustainability and production costs for algae-based jet fuel is still a challenge. Certification 
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does not necessarily mean that the blend will be operational with high performance. The 
blended is expected to   have a high level of purity.  It should not solidify at lower temperatures 
and must generate a high amount of energy required for propulsion of the aircraft.  
The major challenge with algae-based jet fuel is to get species with the ability to generate a 
high amount of bio-oil with hydrocarbons that are molecularly very identical to petroleum oil. 
This will allow the production of jet fuel from the same downstream processes used to produce 
conventional jet fuel. Nannochloropsis sp is one of the types of species with the potential to 
produce algae Jet fuel because of its composition and the cultivation possibilities in the marine 
environment.   
The objective of this study is to prepare and produce a new blend by mixing algae-based Jet 
fuel with Jet A1 in 50/50 volume ratio. The new Jet fuel blend will be tested according to 
ASTM standards for aviation fuels to identify parameters which are compliant and non-
compliant to ASTM standards chosen as a reference in this study. For parameters which are 
non- compliant, ways to bring them to comply with ASTM standards will be suggested.  
However, Costs implications or feasibility aspects of the blending, mathematical modelling 
aspects, are not part of this work. The study will assist in examining the compliance, analysing 
the behaviour of physico-chemical parameters and the quality of the blend which are probably 
affected over time. This will assist in considering whether or not blending is a sustainable 
option for aviation fuels. The contribution will be reflected by the data indicating whether the 
compliance is possible or not from the 50/50 blended jet fuel.  Therefore, blending jet fuels in 
50/50 ratio is technically and economically beneficial, it can be used as a sustainable option to 
reduce dependence on petroleum-derived fuels. Furthermore, the 50/50 blended jet fuel is 
expected to have a low carbon footprint and low oxygen content including flow properties 
complying with required standards.   
5.2 CHALLENGES ASSOCIATED WITH JET FUEL BLENDING  
Blending jet fuels can be much more complicated than a simple mixing of components [20]. 
The blend is a complex mixture of different carbon chains from C8 to C16[21,22,23].  
This situation can impact on compliance and overall costs. Jet fuels or any other fuel can be 
blended using the in-line blending method through a manifold system, batch blending in tanks 
and onboard blending into marine vessels. [20,24] Each method has its strengths and weaknesses.  
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In-line blending of jet fuels is achieved by injecting proportional amounts of each component 
into the mainstream where turbulence promotes thorough homogenisation [24,25]. Mixing 
depends on the speed of agitation and residence time. In many cases, to achieve the 
specifications required for compliance, additives are used during and/or after blending to 
improve specific properties related to flow, heating energy and anti-freezing capacity.   
Blending jet fuels is very a complex process because the blend is expected to be renewable 
with low carbon footprint compared to the fossil-based fuel.  
5.3 JET FUEL BLENDING AND ASTM CERTIFICATION   
Blending can assist in using a reduced amount of fossil fuels. Also, it is environmentally safe 
to burn blended jet fuel. Generally, blended fuels are commercially viable and environmentally 
friendly. Predominantly, the blended jet fuel should be sustainable and always complies with 
standards. Microalgae-derived fuels can be used in a blend to produce high-quality fuels. They 
have an advantage of generating fuels with a low carbon footprint evaluated at 60% less 
compared to conventional fuels. Therefore, they are an acceptable option for jet fuel blending.   
It is compulsory that aviation fuels from any source must be certified before they can be used 
in any aircraft. They must comply with internationally recognized standards for certification.  
ASTM certification is the most required. The ASTM approval process is known as a multi-
year and multi-million-dollar process [26]. Two different conversion technologies are already 
certified with ASTM standards for alternative aviation fuels. In 2009, ASTM International 
approved standards for alternative aviation fuels using the Fisher Tropsch process for the 
conversion of renewable feedstock sources to Jet fuel.[27] In 2011, the production of jet fuel 
from hydroprocessed esters and fatty acids (HEFA) was added to the standard under 
 D7566-11. It was recommended that these blended jet fuels can only be used in commercial 
aviation on a 50/50 blended basis certified under ASTM Standard D1655. Expanding on the 
approved feedstock list, various biomass resources including algae biomass can be used to 
produce jet fuel substitutes.  Technologies to convert biomass to jet fuel are available but the 
production capacity is currently small and production costs are not well known, especially for 
less-developed processes[28]. In this case, blending jet fuels could be an option or an 
intermediate solution to deal with the issue of production capacity and costs.   
5.4 MATERIAL AND METHODS  
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A sample of Jet A 1 was blended with algae-based jet fuel on a 50/50 volume ratio (B50).  
The algae-based jet fuel was produced in the laboratory after Nannochloropsis sp biomass was 
cultivated in a photobioreactor, followed by oil extraction, purification, thermal cracking using 
pyrolysis of crude bio-oil at 350OC and fractionation between 70 and 300OC to get the required 
fractions for jet fuel[19]. The cultivation was completed in 15 days with high biomass produced 
on the 10th day.  After harvesting the biomass in a centrifuge, oil extraction using a mixture of 
solvent made with chloroform and methanol on 1/1 volume ratio was completed. The bio-oil 
combined with solvent was purified by evaporation to remove the solvent and collect the bio-
oil. Thermal cracking was undertaken at 300oC in a furnace to break down the carbon chains. 
It was followed by fractionation from 70 to 300oC to collect fractions needed for jet fuel.  
Microalgae-based jet fuel was characterised according to ASTM standards and the results are 
presented in Table 1. The petroleum jet fuel (Jet A1) was supplied by Sapref –Engen in Durban, 
South Africa. It was a pure product ready for commercial use.  The characterisation of Jet A1 
was not disclosed in details by the manufacturer. However, the manufacturing report confirmed 
the compliance of all parameters according to ASTM standards. The blending procedure used 
500ml of Jet A1 in a beaker and mixed it with 500ml of microalgae-derived jet fuel.  
The blending was completed using a magnetic stirrer running at 150rpm for a period of 2h at 
25oC.The sample was conserved at in a closed glass container. After mixing, the 50/50 blended 
jet fuel was characterised according to ASTM. Samples were stored and tested for stability 
using ASTM procedures.    
5.5 RESULTS AND DISCUSSION 
Samples were kept at a controlled temperature of 25oC in an incubator. The data generated 
from the characterisation of microalgae-derived jet fuel and the blended jet fuel are summarized 
in Tables 14, 15 and 16. The results were generated in triplicate and the recorded data in the 
tables are mean values. 
Table 14: Algae-based jet fuel: characterisation after preparation   
Parameter     Results 
±standard 
deviation 
 ASTM Limits for 
conventional Jet fuel  
 Method  
Density at 15 OC    [g/l ] 0.842± 0.015         0.775-0.840 ASTM D7042 
Viscosity at- 20 OC [cSt] 2.4 ± 0.02 8 ( maximum) ASTM D445 
Flash point         [OC] 68±0.5 38 ( Minimum) ASTM D93 
Water content [%] 0.05±0001 n.d ASTM D6304 
Total acidity [mg KOH/g] 0.05±0.001 0.015(Maximum) ASTM D3242 
Total 
contamination[mg/kg] 
7.6±0.2 24 (Maximum)  IP440/SANS 
52662 
Total Sulfur [%]  0.27±0.01 0.3 ( Maximum) ASTM D4294 
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Net heat of combustion 
[MJ/kg] 
44±0.5 42.8 ( Minimum) ASTM D4868 
Freezing point [OC] -32 ± 0.01 -40o C ( Maximum) ASTMD D2386 




Table 15: 50/50 Blended jet fuel (Algae-based jet fuel and Jet A1):  characterisation after 
blending   
Parameter Results ±standard 
deviation 
ASTM Limits Method 
Density at 15 OC [g/l ] 0.8727±0.02 0.775-0.840 ASTM D7042 
Viscosity at -20OC[cSt] 5.3±0.05 8 ( maximum) ASTM D445 
Flash point [OC] 67±0.5 38 ( Minimum) ASTM D93 
Water content [%] 0.089±0.05 n.d ASTM D6304 
Total acidity 
[mgKOH/g] 
0.03± 0.001 0.015(Maximum) ASTM D3242 
Total 
contamination[mg/kg] 
5.64±0.1 24 (Maximum) IP440/SANS 
52662 
Total Sulfur [%] 0.0159±0.001 0.3 ( Maximum) ASTM D4294 
Net heat of combustion 
[MJ/kg] 
43.5±0.5 42.8 ( Minimum) ASTM D4868 
Freezing point [OC] -40±0.001 -40o C(Maximum) ASTMD D2386 
Conductivity [pS/m] 85±0.5 50-600  ASTM D2624 
 
All characterisations were undertaken by Wearcheck an ISO 9001:2008 / ISO 14001:2004 / 
ISO 17025:2005 registered company. Tests of the 50/50 blended jet fuel were also completed 
after 30, 60, 90 and 120 days from the blending day in order to check the stability of various 
parameters according to ASTM standards.  
Table 16: 50/50 Blended Jet fuel (algae-based jet fuel and Jet A1): storage stability tests  
Parameter  30 
days  
       60 days       90days  120 days  ASTM 
limits 
Method  
Density at 15 OC [g/l ] 0.86  ± 
0.01 
0.86± 0.01 0.862±0.01 0.859±0.01 0.775-0.840 ASTM D7042 
Viscosity at -20 OC [cSt]    5  
±0.05       
5.1± 0.05 5.1± 0.05 5±0.05 8 ( maximum) ASTM D445 
Flash point  
[OC] 
  67 ± 
0.5 
68± 0.5 68±0.5 68±0.5 38 (Minimum) ASTM D93 
Water content [%] 0.06 ± 
0.001 
0.06±0.001 0.06±0.001 0.06±0.001 n.d ASTM D6304 
Total acidity [mgKOH/g] 0.03 
±0.001 
0.029±0.001 0.030±0.001 0.0289±0.001 0.015 
 (Maximum) 





5.6±0.1 5.6±0.1 5.6±0.1 24 (Maximum) IP440/SANS 
52662 
Total Sulfur [%] 0.0159 
±0.001 
0.0159± 0.001 0.158±0.001 0.0157±0.001 0.3 ( Maximum) ASTM D4294 




44±0.5 44±0.5 45.3±0.5 42.8 (Minimum) ASTM D4868 
Freezing point [OC] -40 
±0.001  




Conductivity [pS/m] 92 
±0.5 
125±0.5 130±0.5            128±0.5 50-600  ASTM D2624 




5.5.1 Storage stability test  
Generally, medium-term storage stability tests of at least 1000 h (~30 days) [29] [30] are required 
to confirm if some parameters which are time-dependent do not critically affect the physico-
chemical properties of the 50/50 blended jet fuel. In this study, the storage stability test for the 
50/50 blended jet fuel was undertaken after 30, 60, 90 and 120days from the day of 
preparation/production. In general, the analysis of data recorded in Tables 14, 15and 16 shows 
that the majority of parameters are within or slightly beyond the limits described by ASTM. 
Particularly, it is observed in Table 16 that the variation of measurements for some few 
parameters recorded after 30, 60, 90 and 120days were not very significant and they remained 
within the limits required for ASTM compliance.  It can be inferred that the 50/50 blending of 
jet fuels is a suitable option and can be undertaken at a larger scale. This is supported by the 
fact that no significant fluctuations in data were recorded for most parameters for a period of 
up to 120 days from the production. However, some parameters such as density and total acidity 
should be improved according to ASTM standards. 
5.5.2 Density  
 Density at 15OC is beyond ASTM limits as indicated in Tables 15 and 16 dealing with data for 
the 50/50 blended jet fuel. However, the difference between the ASTM maximum limit and the 
recorded data in this study for this parameter is not significant. The density of jet fuel is very 
important and must be within the limits prescribed by the standards or the aircraft weight 
loading calculations since jet fuel is customarily metered by volume. Also, it relates to specific 
energy and volatility of jet fuel. To improve the density of the jet fuel, fuel filtration through a 
membrane system can assist in removing some particulate matter probably from the algae-
based jet fuel that might have caused the increase of density. Undesirable substances will be 
retained by the filter media and a cleaner blended jet fuel with density within ASTM limits can 
be collected.  
5.5.3Kinematic Viscosity  
Kinematic Viscosity is directly linked to fuel fluidity or fuel pumpability over the operating 
temperature range and relates to droplet size in sprays produced by burner nozzles.  
The ASTM maximum limit for viscosity at -20OC is 8cSt. In this study, the recorded data for 
viscosity at -20oC presented in Tables 1, 2 and 3 have ranged from 2 to 5.3cSt and it is 
compliant with the standards. The lowest value is recorded in Table 15 regarding algae-based 
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jet fuel. However, it has increased in the 50/50 blended jet fuel as indicated in Table 16 for 
different measurements. 
5.5.4 Flash point  
Flash point is one of the parameters that relate to jet fuel volatility, it can, therefore, have an 
impact on combustibility. It is a leading factor in determining fire safety regarding fuel 
handling. In the present study, the flash point remains almost stable. It has slightly fluctuated 
between 67 and 68oC as indicated in Tables 14, 15and 16. These values are compliant with 
ASTM standards requiring a   minimum of 38OC. The analysis of the recorded data on flash 
point for the 50/50 blended jet fuel shows the 50/50 blended jet fuel has lower flammability 
and it has less hazardous behaviour because of the higher flash point. This is a strong point 
regarding the 50/50 blended jet fuel produced in this study which shows its potential for safety 
and hazard related issues. In this regard, the blend can be used in a hot environment where 
safety issues for fuels are not easy to be handled 
5.5.5 Water content  
 Water content has to be at the very lowest concentration in jet fuel.  So far there are no exact 
limits defined by ASTM standards regarding this parameter in jet fuel. Determining the level 
of water content in jet fuel will assist in minimising the water reaction controlled by the 
presence of materials that react with water and affect the stability of the jet fuel-water interface. 
It is very important that jet fuel be free from water contamination. During the flight, the 
temperature of jet fuel in the tanks decreases due to the low temperatures in the upper 
atmosphere. This causes precipitation of the dissolved water from the jet fuel. Therefore, the 
separated water drops to the bottom of the tank, because it is denser than the jet fuel.  
Since water is no longer in solution, it can form droplets that can supercool to below 0°C. 
Analysing this parameter, water separation index can be also measured to determine the ability 
of the jet fuel to release entrained or emulsified water when passed through a fibreglass filter 
coalescer. The data in Tables 14 and 15 shows lower values of water in the algae-based jet fuel 
compared to the 50/50 blended jet fuel. During storage the quantity of water has decreased in 
the 50/50 blended jet fuel from 0.089 to 0.06% and this quantity has remained constant up 120 
days for the 50/50 blended jet fuel as indicated in Table 16. 
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5.5.6 Total acidity  
  Generally, total acidy is a parameter that indicates the corrosive potential of fuel to metals. 
Trace organic acids can affect water separation properties.  In this study total acidity has been 
found higher than the limit required by ASTM which is equal to 0.015mgKOH/g.  
Table 14 has recorded a total acidity of 0.05 mg KOH/g while in the 50/50 blended jet fuel 
obtained after production for which the data is presented in Table 15 the total acidity is 0.03mg 
KOH/g. This is still beyond the maximum limit of 0.015mgKOH/g required by ASTM 
standards. Table 16 shows that the total acidity is still higher and beyond the ASTM limit.  
It is between 0.0289 to 0.03mgKOH/g during the storage stability test period. Therefore, 
because of the higher total acidity found in the algae-based jet fuel as well as the 50/50 blended 
jet fuel and knowing that the acidity does not have a significant impact on the fuel performance 
but can mainly cause corrosion, it will be indispensable to use corrosion inhibitor to reduce the 
potential corrosivity of the jet fuel. The corrosion inhibitor is known as a lubricity improver, 
consequently, inhibiting corrosion will also improve the lubricity of the jet fuel because many 
aircraft fuel system components, especially pumps, rely on the fuel to lubricate moving parts. 
5.5.7 Total contamination  
Contaminants in jet fuel are made of existent gum such as non-volatile residue left on jet fuel 
evaporation, dissolved and undissolved particulate matters which are undesirable including dirt 
and rust. The analysis of data recorded in Tables 14, 15, and 16 shows that the level of 
contaminants has remained below the maximum of 24mg/kg required by SANS. It is 
imperative to have very pure jet fuel after preparation, therefore, reducing the level of 
contaminants after obtaining the final product is more than a necessity. In this regard, a 
membrane filtration as mentioned earlier can be an option not only to improve density but 
mostly to get pure blended jet fuel.  
5.5.8 Total Sulfur  
Sulfur must be controlled because sulfur oxides formed during combustion can cause corrosion 
of turbine metal parts. Generally, the origin of sulfur in the conventional jet fuel may come 
from crude petroleum oil. In the case of the 50/50 blended jet fuel produced during the course 
of this study, there is a possibility that a fraction of sulfur originates also from the microalgae 
strain. Marine algae strains may contain sulfur that is found between layers of sedimentary 
rocks formed by the layering of seabed deposits and free organic material settling. In this study, 
sulfur has been found lower than the limit prescribed by ASTM standards. The recorded data 
for algae-based jet fuel in Table 14 as well as the one for the 50/50 blended jet fuel in Tables 
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15 and 16 are showing that the levels of total sulfur are below the maximum of 0.3% required 
by ASTM standards in terms of compliance. However, even if the total sulfur is below the 
value recommended for compliance, it is imperative to consider desulfurization in order to 
minimize the effects of sulfur in jet fuel and in the environment. Sulfur causes the formation 
of secondary particulate matter in jet fuel and the emission of sulfur oxide can because of major 
health issues.   
5.5.9 Net Heat of Combustion  
This parameter is directly linked to the amount of energy generated by jet fuel and its 
performance. It is one of the key parameters that are highly needed for most fuels in general 
and jet fuel in particular. It is a calculated value denoting the amount of heat energy obtainable 
from fuel to provide the power needed to run an aircraft from take-off to landing. The ASTM 
required a minimum value for aviation fuels is 42.8MJ/kg. In this study algae-based, jet fuel 
recorded a Net heat of combustion of 44 MJ/kg as indicated in Table 14.  
The 50/50 blended jet fuel presented in Table 15 has recorded a Net Heat of Combustion 
equivalent to 43.5MJ/kg while the stored 50/50 blended jet fuel presented in Table 3 has kept 
its Net Heat of Combustion at 44MJ/kg during the storage test period. A slight increase of the 
Net Heat of Combustion of up to 45.3MJ/kg was recorded on the 120 the day of the storage 
test period.  Overall, the Net Heat of Combustion has remained compliant with the ASTM limit 
of 42.8MJ/kg. This is an indication that the 50/50 blended jet fuel has the potential to produce 
enough energy needed for the aircraft thrust. 
5.5.10 Freezing point  
This parameter is one of the most important regarding jet fuel performance, it limits higher 
molecular weight hydrocarbons that crystallise at low temperatures; it, therefore, influences 
low-temperature pumpability during the flight. At higher altitudes where temperatures are very 
lower, the jet fuel will have a tendency of solidifying. Therefore, the lowest freezing point is 
the most needed. The analysis of Table 1 shows that algae-based jet fuel has a high freezing 
point which does not comply with ASTM standards while during the experiment algal crude 
bio-oil was exposed to the lowest temperature of -80OC without solidifying. However, the 50/50 
blended jet fuel indicates a freezing point that complies with ASTM standards. For the 50/50 
blended jet fuel, the freezing point has remained constant and it complies with ASTM standards 
as indicated in Tables 15 and 16. This complying value of the freezing point may be due to the 
presence and the action of the anti-freezing or ice inhibitor additive present in the Jet A1 which 
forms part of the blend. Therefore, blending conventional jet fuel and algae-based jet fuel can 
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assist in improving the freezing point of the blend in case one of the components from the blend 
has a higher freezing point not complying with ASTM standards 
5.5.11 Conductivity  
This parameter represents the concentration of dissolved substances in the jet fuel. It has to be 
sufficiently high in order to dissipate any electrostatic charges generated during fuel handling 
operations, so as to prevent fire or explosion hazards. Analysing Table 14 and comparing the 
data in Tables 15 and 16 it is indicated that the conductivity is within the range required by 
ASTM standards in all cases. Comparing the conductivities of the 50/50 blended jet fuel after 
preparation and the ones during the storage test period there is an overall increase of 
conductivity values. This can be due to the increase of the concentration of dissolved 




  This study has attempted to establish the possibility of using a blended jet fuel made of algae-
based- jet fuel with Jet A1 in 50/50 volume ratio. The algae-based jet fuel was obtained from 
Nannochloropsis sp. The main aim of the study was to verify the extent to which compliance 
to ASTM standards and performance of aviation fuels was going to be met when blending a 
biomass-based Jet fuel and a petroleum jet fuel.  
Therefore, ASTM standards for aviation fuels D1655 were chosen to characterise the 50/50 
blended jet fuel. Conversely, it was not also possible to undertake a complete characterisation 
because of limited resources and time frame allocated to this study. Nevertheless, it was found 
that most of the selected parameters were complying with ASTM standards for the 50/50 
blended jet fuel. However, parameters such as density at 15oC and total acidity were found 
non-compliant to ASTM standards. The cause of non-compliant could be due to the fact that 
the algae-based Jet fuel was not at the same level of cleanness compared to Jet A1 used in the 
50/50 blend. It needs more refining processes such as reforming and upgrading to reach the 
same level of purity as it is for Jet A1.  However, there is another way to get highly pure algae-
derived Jet fuel by using separation processes such as membrane filtration or rectification in 
order to improve parameters such as density, total acidity and reduce sensibly the 
contamination level. However, there will be a need for more studies involving costs modelling 
and innovative technology to improve all parameters required for the 50/50 blended jet fuel. A 
storage stability tests undertaken on 30, 60,90 and 120thday after the 50/50 blended jet fuel 
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preparation indicated that most of the parameters have remained stable and compliant to ASTM 
standards. The 50/50 blended jet fuel can be produced at large scales and commercialized due 
to the fact that most of the properties comply with ASTM standards. Furthermore, the presence 
of algae-based jet fuel into Jet A1 has the potential to make the 50/50 blended jet fuel 
environmentally friendly but still not economically competitive because the production of 
algae-based jet fuel is still expensive.  
Overall the 50/50 blending for jet fuel using algae-based jet fuel and Jet A1 is a sustainable 
option for jet fuel.  It reduces carbon footprint and it is an economically viable compared to 
algae-based jet fuel. This supports and reinforces the ASTM certification for the 50/50 blending 
of jet fuels. More characterisation for 50/50 blending involving parameters such as aromatics 
content, hydrogen content, distillation tests for product recovery, smoke point, naphthalene 
content and thermal stability have to be explored in future studies. 
Acknowledgements  
The authors wish to thank Wearcheck, Sapref-Engen, and the MUT Research Directorate for 
the support.    
REFERENCES  
[1] Alarcon-Rodriguez A, Ault G, Galloway S. Multi-objective planning of distributed energy 
resources: A review of the state-of-the-art. Renewable and Sustainable Energy Reviews. 2010 
Jun 30;14(5):1353-66. https://doi.org/10.1016/j.rser.2010.01.006 
[2] Akahori, C., Haller, T., Holloway, M., Riel, N., Abid, Z., Han, S.R., Nguyen, H., Augustus, 
J., Sadzak, S., Knopf, K. and Shin, W., 2017. A New Nuclear Era: The US Role in the Shifting 
Global Energy Landscape. 
[3] Hussain, Akhtar, Syed Muhammad Arif, and Muhammad Aslam. "Emerging renewable and 
sustainable energy technologies: State of the art." Renewable and Sustainable Energy Reviews 
71 (2017): 12-28. https://doi.org/10.1016/j.rser.2016.12.033 
[4] Lowry J. Avoiding Carbon Apocalypse Through Alternative Energy: Life After Fossil 
Fuels. Springer; 2017 Mar 29. 
 [5] Kurji, H.J., Fuel Flexibility with Low Emissions for Gas Turbine Engines (Doctoral 
dissertation, Cardiff University); 2017  
[6] Heinberg R. Afterburn: society beyond fossil fuels. New Society Publishers; 2015 Mar 16. 
[7] Ramadhas AS, editor. Alternative fuels for transportation. CRC Press; 2016 Apr 19. 
                                                                      
116 
 
[8] Owen NA, Inderwildi OR, King DA. The status of conventional world oil reserves—Hype 
or cause for concern?. Energy policy. 2010 Aug 31;38(8):4743-9. 
https://doi.org/10.1016/j.enpol.2010.02.026 
[9] Covert T, Greenstone M, Knittel CR. Will we ever stop using fossil fuels?. The Journal of 
Economic Perspectives. 2016 Jan 1;30(1):117-37. https://doi.org/10.1257/jep.30.1.117 
[10] Kavalov B. Market perspectives for products from future energy-driven biorefineries by 
2020. JRC scientific and technical reports, European Commission, Office for Official 
Publications of the European Communities, Luxembourg. 2009. 
 [11] Larsen LE, Jepsen MR, Frederiksen P. Scenarios for biofuel demands, biomass 
production and land use–The case of Denmark. Biomass and bioenergy. 2013 Aug 31;55:27-
40. https://doi.org/10.1016/j.biombioe.2012.08.015 
[12] Chisti Y. Biodiesel from microalgae beats bioethanol. Trends in biotechnology. 2008 Mar 
31;26(3):126-31. https://doi.org/10.1016/j.tibtech.2007.12.002 
[13] Nigam PS, Singh A. Production of liquid biofuels from renewable resources. Progress in 
energy and combustion science. 2011 Feb 28;37(1):52-68. 
https://doi.org/10.1016/j.pecs.2010.01.003 
[14] McKendry P. Energy production from biomass (part 2): conversion technologies. 
Bioresource technology. 2002 May 31;83(1):47-54. https://doi.org/10.1016/S0960-
8524(01)00119-5 
[15]. Yeh S, Lutsey NP, Parker NC. Assessment of technologies to meet a low carbon fuel 
standard, 2009  
[16] Yeh S, Sperling D. Low carbon fuel standards: Implementation scenarios and challenges.  
Energy Policy. 2010 Nov 30;38(11):6955-65. https://doi.org/10.1016/j.enpol.2010.07.012 
 [17] Tietenberg TH, Lewis L. Environmental and natural resource economics. Routledge; 
2016 Mar 4. 
 [18] Milano J, Ong HC, Masjuki HH, Chong WT, Lam MK, Loh PK, Vellayan V. Microalgae 
biofuels as an alternative to fossil fuel for power generation. Renewable and Sustainable 
Energy Reviews. 2016 May 31;58: 180-97. https://doi.org/10.1016/j.rser.2015.12.150 
[19] Bwapwa JK, Anandraj A, Trois C. Possibilities for conversion of microalgae oil into 
aviation fuel: A review. Renewable and Sustainable Energy Reviews. 2017 Dec 1;80:1345-54. 
https://doi.org/10.1016/j.rser.2017.05.224 
[20] Dooley, S., Won, S.H., Chaos, M., Heyne, J., Ju, Y., Dryer, F.L., Kumar, K., Sung, C.J., 
Wang, H., Oehlschlaeger, M.A. and Santoro, R.J., 2010. A jet fuel surrogate formulated by real 
fuel properties. Combustion and Flame, 157(12), pp.2333-2339. 
https://doi.org/10.1016/j.combustflame.2010.07.001 
                                                                      
117 
 
[21] Savage N. Fuel options: the ideal biofuel. Nature. 2011 Jun 23;474(7352):S9-11. 
https://doi.org/10.1038/474S09a 
[22] Blakey S, Rye L, Wilson CW. Aviation gas turbine alternative fuels: A review. 
Proceedings of the combustion institute. 2011 Dec 31;33(2):2863-85. 
https://doi.org/10.1016/j.proci.2010.09.011 
[23] Calvert K, Stephen J, Blair MJ, Cabral L, Baxter R, Mabee W. Assessing the Spatial, 
Economic and Environmental Implications of Biorefining Technologies: Insights From North 
America. Handbook on Geographies of Technology. 2017 Feb 24:269. 
 [24] Burger V. The influence of fuel properties on threshold combustion in aviation gas 
turbine engines (Doctoral dissertation, University of Cape Town), 2017  
[25] Soloiu V, Gaubert R, Muinos M, Moncada J, Beyerl T, Molina G, Williams J. Performance 
of an Indirect Injected Engine Operated with ULSD# 2 Blended with Fischer-Tropsch 
Synthetic Kerosene. SAE Technical Paper; 2017 Mar 28. 
 [26]  Rumizen, M. (2013). “Certification/Qualification.” Presented at the Advanced Biofuels  
Leadership Conference, April 17, Washington, DC. 
http://www.caafi.org/files/presentations/Cert-Qual_Rumizen_ABLC_Apr17_2013.pdf. 
[27]Enright, C. (2011). “Aviation Fuel Standard Takes Flight.” ASTM International - 
Standards Worldwide. Accessed July 17, 2013: 
http://www.astm.org/SNEWS/SO_2011/enright_so11.html. 
[28] Milbrandt A, Kinchin C, McCormick R. Feasibility of Producing and Using Biomass-
Based Diesel and Jet Fuel in the United States. NREL (National Renewable Energy Laboratory 
(NREL), Golden, CO (United States)); 2013 Dec 1. 
[29] P. Bondioli, P.A. Gasparoli, A. Lanzani, E. Fedeli, S. Veronese,M. Sala, Storage stability 
of biodiesel, Journal of the American Oil Chemists Society 72 (1995) 699–702. 
https://doi.org/10.1007/BF02635658 
[30]P. Bondioli, A. Gasparoli, L. Della Bella, S. Tagliabue, G. Toso, Biodiesel stability under 
commercial storage conditions over one year, European Journal of Lipid Science and 
Technology 105 (2003) 735–741. https://doi.org/10.1002/ejlt.200300783 
 
[31] Eloka-Eboka, A.C. and Inambao, F.L., 2016. Hybridization of feedstocks—A new 
approach in biodiesel development: A case of Moringa and Jatropha seed oils. Energy Sources, 
Part A: Recovery, Utilization, and Environmental Effects, 38(11), pp.1495-1502. 
[32] Igbum, O.G., Eloka-Eboka, A.C., Ubwa, S.T. and Inambao, F.L., 2014. Evaluation of 
environmental impact and gaseous emissions of biodiesel fuels and blends of selected feed-
stocks. International Journal of Global Warming, 6(1), pp.99-112. 
                                                                      
118 
 
[33] Eloka-Eboka, A.C. and Inambao, F.L., 2014, April. Blending feedstock—Fresh approach 
in biodiesel development: Moringa and Jatropha seed oils. In Domestic Use of Energy (DUE), 
2014 Proceedings of the Twenty-Second (pp. 1-8). IEEE. 
                                       Manuscript Number: EGY-D-18-04412 
 
                                        CHAPTER 6 PREFACE  
The following chapter is a compiled form of a research paper currently under review in the 
International Journal of Green Energy (Taylor and Francis). After analysing B50 blending 
which is ASTM certified version. The option of B20 blending being is not a certified for 
aviation fuels. This option was examined in order to assess the performance of the blended jet 
fuel made of algae-based jet fuel and Jet A1 in 80/20 and 80/20 volume ratios. This study 
provides some insight to be used for potential certification.  B20 blending ratios completed in 
this study could be also considered as a viable option to reduce the carbon footprint from 
conventional jet fuel if approved for ASTM certification. The chapter is presented with some 
minor changes to maintain the connection, the consistency and flow with previous chapters.   
It aims to analyse the efficiency and sustainability of blending algae-based jet with 
conventional jet fuel Jet A1 in an 80/20 and 20/80 volume ratio with regard to ASTM standards. 
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ABSTRACT  
Blending fuels can potentially be a successful option for fuel producers. It has many advantages related 
to high fuel quality and low carbon footprint.  The quality of fuels can be improved for fuel 
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performance-based parameters such as flash point, freezing point, net heat of combustion and viscosity. 
To address stringent requirements from the aviation industry in terms of quality and environmental 
issues, there is an urgent need to develop alternative ways of complying with the economics and 
environmental requirements. In this paper, jet fuel derived from microalgae oil was blended with Jet 
A1 in ratios of 20/80 and 80/20 respectively. The microalgae oil was produced from a marine species 
known as Nannochloropsis sp.  Characterisation of both blends was completed in terms of ASTM 
specifications required for jet fuel. Parameters such as density, kinematic viscosity, freezing point, the 
Net heat of combustion, flash point, contamination, total acidity, water content and total sulfur were 
analysed and most of them have complied with ASTM D1655 standards relevant for jet fuel. However, 
it is highly recommended to undertake upgrading processes to increase the purity and enhance the 
performance of the blended jet fuel. 




Bioenergy is currently a greater part of the global energy mix and it is projected to contribute 
up to 20-30% of the overall primary energy worldwide by 2035[1].  The use of biofuels and 
their blending with conventional fuels can contribute to the reduction of greenhouse gases 
(GHG) affecting the ozone layer and bringing down issues related to climatic changes and 
global warming.[2, 3, 4] Therefore, the sustainability of renewable energy from biomass can add 
value to the security of energy supply and assist in reducing GHG emissions when blending 
fossil fuels with biofuels.[5] There are various legislation, policies and regulatory targets 
towards establishing sustainability of biofuels via various renewable energy options, much 
have already been achieved in various countries worldwide in this regard.[6,7,8]   
This has made biofuels as one of the options to be considered in order to prevent an eventual 
energy crisis in case petroleum reserves could get to a critical level of shortage.[9, 10] Petroleum 
or fossil fuels are currently the most reliable source of energy. However, price fluctuations, 
environmental concerns and the depletion of the world reserves of petroleum crude oil are 
amongst the major challenges that need to be addressed effectively.[11, 12, 13] Consequently, there 
is a strong need to establish sustainable sources of energy in order to address the issue related 
to the production of alternative sources of energy including biofuels.[14, 15] Generally, the need 
is very pressing in the transportation industry more especially in the aviation sector which is 
among the biggest consumers of fuels worldwide.   
As a result, the aviation sector finds itself under enormous pressure and requires desperately a 
fuel that is sustainable, affordable, with a low carbon footprint. Finding an alternative to jet 
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fuel is critically important for any economy. This energy transition can pose many risks ranging 
from engineering technological shifts, food vs fuel competition, policy and other industrial 
concerns for commercialisation. Furthermore, there is an ongoing concern over environmental 
issues involving threatening of climatic patterns due to large usage of fossil and non-renewable 
fuels with unfriendly emissions. Therefore, in this current circumstance, blending fossil-based 
fuels and biomass led fuels could be one of the options to be undertaken to prevent some of the 
issues mentioned earlier.  Consequently, blending fossil and non-fossil fuels particularly jet 
fuels from both sources in various proportions to make it more sustainable in order to reduce 
negative environmental impacts and to reduce the consumption of the world reserves of 
petroleum fuels can be an option to be explored. In this study, conventional jet fuel is blended 
with algae-based jet fuel in 80/20 and 20/80 volume ratios respectively, both options are known 
as B20.  
The study focuses on the establishment of a new fuel with characteristics and performance that 
enable the production of sufficient energy for the propulsion of an aircraft. The new fuel 
produced by blending algae-based jet fuel from Nannochloropsis sp and Jet A1 using 80/20 
and 20/80 volume ratio respectively has to be compliant with ASTM standards related to 
aviation fuels.  Producing a new fuel with compliant physico-chemical parameters with regards 
to ASTM standards can add value to the sustainability. It can also assist to generate low carbon 
emissions due to the decrease of the fossil fuel fraction in the blend. Therefore, the blending 
option can be regarded as one of the ways to address the issue of sustainability. The blended 
fuel does not use additives; however, additives can be needed in the long run if the fuel is 
presenting some shortfalls regarding the compliance. The study will contribute to increasing 
knowledge regarding the new fuel performance, the feasibility and compliance aspects related 
to the blending of algae-based jet fuel with conventional jet fuel (Jet A1) in 20/80 and 80/20 
volume ratio respectively. The data generated from this study can also assist standard bodies 
to implement a certification process for 20/80 and 80/20 blends. 
6.2 PERFORMANCE REQUIREMENTS AND INTERNATIONAL 
STANDARDS AND ASTM CERTIFICATION FOR BLENDING 
 
Conventional jet fuel comes from the refining of crude petroleum oil. It is achieved through a 
series of unit processes aiming to remove the unnecessary carbon fractions and molecules. The 
composition of jet fuel mainly depends on the quality of the raw crude oil. In general, 
conventional jet fuel are made of 20% paraffins, 40% isoparaffins, 20% naphthenes and 20% 
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aromatics [16]. Each of these components contributes enormously in providing specific fuel 
characteristics. For instance, a high hydrogen-to-carbon ratio of paraffins and isoparaffins 
improves the heat density per unit mass of fuel; naphthenes assist in decreasing the freezing 
point which is a very critical parameter needed at high altitudes, and aromatics contribute to 
material compatibility and prevent leaks in the seals of some aircraft[16,17,18]  
Jet fuel specifications are established by international standard bodies, however, there are two 
major standard bodies that are the most known in terms of jet fuel standards: ASTM D1655 
and Def Stan 91-91. The standards of both bodies are almost equivalent and they focus mainly 
on performance properties than chemical composition.  Chemical composition is very complex 
and can be subjected to variability or fluctuations because of the operating and storage 
conditions that can be subjected to changes or variability.[18] Several physico-chemical 
parameters are identified as key performance aspects for aviation fuels, they include the 
following: energy content, freezing point, thermal stability, viscosity, combustion 
characteristics, lubricity, material compatibility and safety properties.[18] There is only 50/50 
blending in volume ratio that is currently ASTM certified when it comes to the blending of 
conventional jet fuel with biomass-based jet fuel.  The production costs of most biofuels can 
be higher while they have a low carbon footprint. The blending in 50/50 volume ratio being 
ASTM certified is an effective and successful solution, it has been tested and proven in many 
cases. However, the 80/20 and 20/80 blending in volume ratio are not yet certified.  
This study provides the knowledge and data that are enough to support a prospective 
certification in the future.  Also, to analyse the possibility of compliance for various parameters 
used for jet fuel characterisation regarding the 80/20 and 20/80 blending.  
This will assist in establishing a new blending formula for jet fuels which can be a basis for 
future ASTM certification.  The improvement option for parameters that are not complying 
with ASTM standards from these blending formulas will be suggested. 
 
6.3 MATERIAL AND METHODS 
6.3.1 Methodological approach   
 To achieve the objectives of the current study the following approach was used: 
• Preparation and characterisation of algae-based jet fuel  
• Characterisation of Jet A1 collected from a local producer (Engen-Sapref) 
• Blending of both algae-based jet fuel and Jet A1 in 80/20 and 20/80 volume ratio    
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• Characterisation of the blends needed for compliance test according to ASTM standards 
D1655 
• Interpretation and analysis of data generated after blending to find out whether or not 
parameters are compliant with regards to ASTM specifications or standards. 
6.3.2 Experimental procedure  
 A sample of Jet A1 supplied by a local manufacturer named Sapref-Engen Durban was mixed 
with algae-based jet fuel in 80/20 and 20/80 volume ratios respectively. The renewable algae-
based jet fuel was produced from the biomass from a marine species called Nannochloropsis 
sp in the laboratory after cultivation, oil extraction, purification, thermal cracking and 
fractionation [21]. The production process started with cultivation to produce the biomass needed 
for conversion of bio-oil into jet fuel. After the cultivation period of 15 days, the highest amount 
of biomass was collected between day 8 and day 10. The biomass productivity was 
approximately 180 mg per day. The strain used has about 30% of the bio-oil content.  
An amount of 1800 mg of wet biomass was used for the experiment.[19] The extraction of crude 
bio-oil was undertaken with the use of a solvent mixture made of methanol and chloroform 
used as the crude bio-oil extracting agent. The purification of crude bio-oil was achieved 
through solvent evaporation and filtration. The purified bio-oil was thereafter subjected to fast 
cracking by pyrolysis at 450OC to break down long hydrocarbon chains found during 
characterisation of crude bio-oil.[19] Fast pyrolysis was completed during a period of 12 s. Data 
was gathered from a pyrolyzed gas chromatograph. This equipment is from Frontier Labs but 
supplied by Shimadzu. Thereafter, fractional distillation was completed within the range 
between 70 to 300 oC to collect the middle-end hydrocarbon fractions which are the main 
fractions needed for jet fuel. However, jet fuel produced in the laboratory will require 
supplementary processes such as reforming and upgrading to enhance the quality of the final 
products. The difference between jet fuel and diesel is based on the carbon chain fractions, jet 
fuel is the range of C14 to C16 while diesel is in the range between C16 and C18. Fractional 
distillation is appropriate to separate the fractions and collect the needed ones based on the 
application.    
The details for the entire process to get algae-based jet fuel are found in chapter 3.  
The following scheme summarizes the laboratory process used to produce algae-based jet fuel 
used in this study as described earlier.  
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Biomass Cultivation                Biomass harvesting               Bio-oil extraction             Bio-oil 
Cracking (Fast Pyrolysis)          Fractionation                Bio-jet fuel  
The produced algae-based jet fuel was characterised according to ASTM 1655 standards.  
The supplier Sapref-Engen certified the Jet A1 by issuing a compliance certificate based on 
ASTM D1655 standards. The blending of both fuels was completed as follows:   400 ml of Jet 
A1 in the beaker was mixed with 100 ml of algae-based jet fuel to make the 80/20 blend. 
Regarding the other sample, 100 ml of Jet A1 was mixed with 400 ml of algae-based jet fuel 
to make the 20/80 blend. The blends were prepared in the laboratory with the use of a magnetic 
stirrer running at 150 rpm for a period of 2 hours at ambient temperature. The sample was kept 
in a closed glass container in an incubator at 25 OC. The blends were thereafter used for 
characterisation according to ASTM D1655 standards and all measurements were done in 
triplicates. The characterisation was completed by the following accredited institutions: 
Wearcheck laboratories and Chemsciences laboratories situated in Durban. (see some 
spreadsheet and results in APPENDIX A6) 
6.4 RESULTS AND DISCUSSIONS   
Tables 17 to 24 are presenting the summary of the data generated during the course of the 
current study. ASTM limits represent the ASTM D1655 
Table 17:  Renewable Algae-based Jet fuel data: Physico-chemical data (data collected on 
preparation day) 
Parameter Results Unit ASTM Limits  Method 
Density @15 OC 0.842 ±0.02 g/ml 0.775-0.840 ASTM D7042 
Viscosity @- 20 OC 2.4 ± 0.12 cSt 8 ( maximum) ASTM D445 
Flash point 68 ± 0.3 OC 38 ( Minimum) ASTM D93 
Water content 0.05 ± 0.001 % n.d ASTM D6304 
Total acidy 0.05 ± 0.001 mg KOH/g 0.015(Maximum) ASTM D3242 
Total Contamination 7.6 ± 0.4 mg/kg 24 (Maximum) IP440/SANS 
52662 
Total Sulfur 0.27 ± 0.015 % 0.3 ( Maximum) ASTM D4294 
Net heat of 
combustion 
44 ± 0.6 MJ/kg 42.8 ( Minimum) ASTM D4868 
Freezing point -32 ± 4 OC -40o C ( Maximum) ASTMD D2386 
Conductivity 84 ±0.5 pS/m 50-600 ASTM D2624 
 
The analysis of the overall results in table 17 shows that most of the parameters are complying 
except for the freezing point. 
Table 18:  Microalgae jet fuel: Organic compounds from GC analyses  
Parameter       Results [% weight]      Method           Testing  equipment  
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Aromatics  18±0.1 ASTM D2425  GC-MS 
Paraffins  40± 0.2 ASTM D2425 GC-MS 
Monocycloparaffins  22± 0.3 ASTM D2425 GC-MS 
Dichloroparaffins  4.1± 0.2 ASTM D2425 GC-MS 
Trichloroparafins  0.4± 0.02 ASTM D2425 GC-MS 
Naphtalenes  1.5±  0.01 ASTM D2425 GC-MS 
 
From the analysis of the data recorded in table 18, it was found that concentration of paraffins 




Table 19: Blended Jet fuel in 80/20 volume ratio (Jet A1- Algae Jet fuel) (after preparation) 
Parameter Results Unit ASTM Limits Method 
Density @15 OC 0.8294±  0.011 g/ml 0.775-0.840 ASTM D7042 
Viscosity @ -20 OC 4.6± 1.7 cSt 8 (Maximum) ASTM D7042 
Flash point 66± 0.25 OC 38 (Minimum) ASTM D93 
Water content 0.037±  0.0011 % n.d ASTM D6304 
Total acidity 0.05± 0.001 mg KOH/g 0.015(Maximum) ASTM D3242 
Total Contamination 3.0± 0.022 mg/kg 24 (Maximum) IP440/SANS 
52662 
Total Sulfur 0.0052±  0.00015 
 
% 0.3 (Maximum) ASTM D4294 
Net heat of 
combustion 
44± 0.6 MJ/kg 42.8 (Minimum) ASTM D4868 
Freezing point -40± 0.2 OC -40o C(Maximum) ASTMD D2386 
Conductivity 78± 0.45 pS/m 50-600 ASTM D2624 
 
Analysing the results in table19, it was found that the 80/20 blended jet fuel is totally complying 
with the selected ASTM requirements for aviation fuel.  
Table 20: Blended Jet fuel in 20/80 volume ratio (JetA1-Algae Jet fuel) (after preparation) 
Parameter Results Unit ASTM Limits Method 
Density @15 OC 0.9095± 0.051 g/ml 0.775-0.840 ASTM D7042 
Viscosity @ -20 OC 5.5± 1.27 cSt 8 ( Maximum) ASTM D7042 
Flash point 79± 0.6 OC 38 ( Minimum) ASTM D93 
Water content 0.048± 0.001 % n.d ASTM D6304 
Total acidity 0.08± 0.001 mg KOH/g 0.015(Maximum) ASTM D3242 
Total Contamination 8.1± 0.055 mg/kg 24 ( Maximum) IP440/SANS 
52662 
Total Sulfur 0.0034± 0.0001 % 0.3 ( Maximum) ASTM D4294 
Net heat of 
combustion 
42.9± 0.05 MJ/kg 42.8 ( Minimum) ASTM D4868 
Freezing point -38± 1 OC -40o C( Maximum) ASTMD D2386 
Conductivity 82± 0.55 pS/m 50-600 ASTM D2624 




The data recorded in table 20 indicates that parameters such as density and freezing point have 
to be adjusted because they are not complying with the aviation requirements defined ASTM 
standards. This implies that this blend will require an antifreeze as an additive to regulate the 
freezing point and a polishing step such as membrane filtration to remove particulate matters 




Table 21: Blended Jet fuel in 80/20 volume ratio (Jet A1- Algae Jet fuel) after 30, 60, 90, 
120 days  
Parameter 30 days 60 days 90days 120 days ASTM limits Method 
Density @15 OC   
[g/l ] 
0.83± 0.011 0.83±0.011 0.83± 0.011 0.83± 0.011 0.775-0.840 ASTM 
D7042 
Viscosity @ -20 OC 
[cSt] 




66± 0.25 66± 0.25 66± 0.25 66± 0.25 38 
(Minimum) 
ASTM D93 











0.30± 0.02 0.31± 0.02 0.3±0.02 0.3±0.02 24(Maximum) IP440/SAN
S 52662 
Sulfur [%] 0.0052± 0.0001 
 




Net heat of 
combustion 
[MJ/kg] 












78±0.45 79±0.5 80±0.52 80±0.5 50-600 ASTM 
D2624 
 
Overall, table 21 indicates a relative stability and compliance with ASTM standards  
Table 22: Blended Jet fuel in 20/80 volume ratio (Jet A1- Algae Jet fuel) after 30,60, 90, 
120 days  
Parameter 30 days 60 days 90days 120 days ASTM limits Method 
Density @15 OC   
[g/l ] 
0.90±0.046 0.91±0.051 0.909±0.0507 0.91±0.051 0.775-0.840 ASTM 
D7042 
Viscosity @ -20 OC 
[cSt] 
5.5±1.25 5.6± 1.2  5.55± 1.23 5.6± 1.2  8 (Maximum) ASTM D445 
Flash point 
[OC] 
79± 0.5 79± 0.5 79± 0.5 79± 0.5 38 (Minimum) ASTM D93 
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Water content [%] 0.048±0.0013 0.046± 
0.0012 
0.045± 0.0011 0.045±0.0011 n.d ASTM 
D6304 











8.1±0.55 8.1± 0.55 8.0± 0.52 8.0±0.52 24 (Maximum) IP440/SANS 
52662 








Net heat of 
combustion 
[MJ/kg] 








82±0.55 83± 0.57 83.5±0.59 84± 0.61 50-600 ASTM 
D2624 
The analysis of the data recorded in table 22 shows that all parameters comply with the 
standards during the storage period except for the freezing point. The flash is the highest 
compare for the entire experimental period. 
Table 23: Jet A1 characterisation  
Parameter Unit Results  ASTM D1655 limits    Method 
Density @15 OC g/ml 0.8±0.004 0.775-0.840 ASTM D7042 
Viscosity @- 20 OC cSt 7±0.5 8 (Maximum) ASTM D445 
Flash point OC 38± 0.01 38 (Minimum) ASTM D93 
Water content % 0 n.d ASTM D6304 
Total acidy mg KOH/g 0.010± 0.0001 0.015(Maximum) ASTM D3242 
Total Sulfur % 0.001± 0.0001 0.3 (Maximum) ASTM D4294 
Net heat of 
combustion 
MJ/kg 46±1.6 42.8 (Minimum) ASTM D4868 
Freezing point OC -42±1 -40o C (Maximum) ASTMD 
D2386 
Conductivity pS/m 180± 2 50-600 ASTM D2624 
 
Table 24: Jet A1 characterisation: organic compounds data  
Parameter      Results  [ % weight ]      Method           Testing  equipment  
Aromatics  19±0.1 ASTM D2425  GC-MS 
Paraffins  42± 0.2 ASTM D2425 GC-MS 
Monocycloparaffins  26±0.38 ASTM D2425 GC-MS 
Dichloroparaffins  5.8±0.4 ASTM D2425 GC-MS 
Trichloroparafins  0.6± 0.03 ASTM D2425 GC-MS 
Naphtalenes  1.4±0.01 ASTM D2425 GC-MS 
 
Tables 23 and 24 were used as references to examine the differences between conventional jet 
fuel, algae-based jet fuel and the blended options. Overall, the data generated by the blended 
jet fuels are almost similar to the one for conventional jet fuel. They are some differences 
regarding some parameters as mentioned earlier. These are due to the fact that algae-based jet 
fuel was produced in the laboratory while the conventional jet fuel was produced in the refinery 
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plant with a high level of purity. This difference has an influence on the quality of blended jet 
fuels produced in this study.   
6.4.1 Storage stability test  
Jet fuel instability involves multi-step chemical reactions including some that can be oxidative 
reactions. A stable jet fuel is regarded as the one with properties that remain unchanged for a 
long period of time despite the change in environmental conditions.  
Factors that lead to damaging changes in fuel properties are time (storage stability) and 
exposure to high temperatures in the engine (thermal stability). The storage stability test was 
undertaken in order to establish if physico-chemical properties of the blended jet fuels are time 
sensitive. Medium-term storage stability tests of at least 1000 h (~30 days) are required to 
confirm if some parameters that are time-dependent do not critically affect the quality of the 
blend [20, 21].  The storage stability test was undertaken after 30, 60, 90 and 120 days from the 
day of preparation. Jet A1 characterisation used in both blends is recorded in table 23 and it 
was not subjected to storage test because petroleum fuels do not have a problem with 
biodegradability as it could be the case with biofuels. In general, the analysis of the recorded 
data has revealed that the majority of parameters has remained compliant with regard to ASTM 
D1655 standards used for the 80/20 blended jet fuel. However, parameters such as density, 
total acidity and water content are found in high levels or beyond the limits required by ASTM 
D 1655 standards regarding the 20/80 blended jet fuel which is made up of a greater volume of 
algae-based jet fuel. This indicates that the 80/20 blended jet fuel is the most compliant to 
ASTM D1655 standards, therefore, it is potentially a sustainable option for blending. The 20/80 
blending ratio is also an acceptable option to be considered for blending renewable jet fuel and 
conventional one provided that high level of purity of the algae-based jet fuel is achieved in 
order to be assured of the compliance level of the blend.    
6.4.2 Density  
Density at 15 OC is beyond ASTM limits as indicated in tables 19, 20 and 22. This situation is 
recorded only on the 20/80 blended jet fuel samples. Overall, it was found in tables 19 and 20 
that the density of 80/20 blended jet fuel was lower than the one for the 20/80 blended jet fuel 
after blending. The same trend was observed during storage test period.  This is probably due 
to the presence of more particulate matters found in the 20/80 blended jet fuel than in the 80/20 
blended jet fuel. Particulate matters originate from algae-based jet fuel. Purification of  
algae-based jet fuel is highly required in this situation. This can be done by membrane filtration 
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process using microfiltration/ ultrafiltration, or else rectification process can also assist in the 
removal of particulate matters and water in order to adjust the density of the blended jet fuel.   
6.4.3 Kinematic Viscosity  
The analysis of data collected for viscosity indicates that kinematic viscosity complies with 
ASTM standards. It has remained below the maximum of 8cSt required by ASTM D1655 
standards for Jet fuel. However, high values of viscosity are recorded for 20/80 blended jet fuel 
compared to 80/20 blended jet fuel, this is illustrated by the data recorded in tables 19 and 20. 
The same trend is observed for the data in tables 21 and 22 related to the storage test period 
where the viscosity has also remained compliant with standards. 
6.4.4 Flash point  
The analysis of the data presented from tables 17 to 22 (excluding table 18) shows that flash 
point is above the minimum of 38oC required by ASTM D1655 standards required for jet fuel. 
It is respectively 66 OC and 79 OC for the 80/20 and 20/80 blended jet fuels.  
This is one of strongest point for both blends, they have a great potential for safety and hazard 
related issues. Flash point can assist in terms of thermal stability when the blend is exposed to 
high temperatures in the engine. In this regard, based on the recorded data, both blends can be 
used in a hot environment where safety issues for fuels are not easy to be handled. Algae-based 
jet fuel could be the biggest contributor of the higher flash point. This is observed in tables 17, 
20 and 22 where the higher flash points are recorded only in samples with a higher volume of 
algae-based jet fuel.   
6.4.5 Water content  
The analysis of data from tables 17 to 22 (excluding table 18) indicated that there is more water 
in 20/80 blended jet fuel compared to 80/20 blended jet fuel. ASTM standards for jet fuel have 
no exact range for water content. However, water should totally be removed from jet fuel as 
mentioned earlier.  
6.4.6 Total acidity  
The analysis of this parameter from the data in tables 17 to 22 (excluding table 18) revealed 
that total acidity is beyond the level required by ASTM standards. Total acidity was higher in 
20/80 blended jet fuel compared to 80/20 blended jet fuel. Higher acidity is probably due to 
the presence of organic dissolved substances from the biomass used to produce algae-based jet 
fuel. Similarly, trace amounts of sodium, potassium, and other alkali metals in the jet fuel can 
cause corrosion in the turbine section of the engine. Furthermore, some microorganisms can 
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also generate acidic by-products that can speed up metal corrosion. To remediate to this 
situation, a corrosion inhibitor must be used to prevent negative effects of acidity on jet fuel 
distribution and usage network. The corrosion inhibitor is also a lubricity improver, 
consequently, the lubricity of the jet fuel will be improved. The fuel system components 
including more especially the pumps rely on the fuel to lubricate moving parts. 
6.4.7 Total contamination  
  It was found that the contamination levels were lower compared to the limit described by 
IP440/SANS 52662 standards when analysing the data recorded in tables 17  
to 22 (excluding table 18). However, despite the fact that total contamination complies with 
standards, it is higher in 20/80 blended jet fuel than in 80/20 blended jet fuel.  
The results indicate that algae-based jet fuel requires more purification in order to reduce 
sensibly the contamination before mixing it with a conventional jet fuel.  
Therefore, it is possible to conclude that in the current study algae-based jet fuel is the biggest 
contributor to the contamination for the blended jet fuels.   
6.4.8 Total Sulfur  
The analysis of data presented in tables 17 to 22(excluding table 18) indicated that sulfur 
content complies with the maximum required by ASTM standards for jet fuel.  
It was observed that sulfur content is lower in the 80/20 and 20/80 blended jet fuels after 
preparation as indicated in tables 19 and 20. The ideal situation will be to have a sulfur-free 
fuel; therefore, desulfurization can be undertaken if necessary in order to improve the purity of 
the final product.  
6.4.9 Net Heat of Combustion  
 ASTM standards for jet fuel require a minimum of 42.8 MJ/kg for the net heat of combustion. 
The analysis of the data recorded in tables 17 to 22 (excluding table 18) shows that the values 
obtained regarding the net heat of combustion for both blends are complying with the ASTM 
requirements for jet fuel. The blended jet fuel 80/20 has a net heat of combustion slightly higher 
compared to the one for 20/80 blended jet fuel. The situation is probably due to the energy 
content of Jet A1 presented in table 23 which is higher than the one for algae-based jet fuel 
presented in table 17 
6.4.10 Freezing point  
The analysis of the freezing point data recorded in tables 17 to 22 (excluding table 18) indicates 
that values recorded for this parameter vary from -40 to -32 OC. The 80/20 blended jet fuel has 
a compliant freezing point. The presence of anti-freezing in high amount in the 80/20 blended 
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jet fuel coming from Jet A1 is the probable cause of this situation. However, the 20/80 blended 
jet fuel has a freezing point which does not comply with the ASTM standards, it is slightly 
higher than the minimum required by ASTM standards for aviation fuels. Algae-based jet fuel 
has an influence in this blend because of its higher freezing point presented in table 17. On the 
other hand, it was also recorded during the experiment that the crude algae bio-oil used in this 
study was not freezing even at the temperature beyond or below -40 oC. To improve the 
freezing point for the 20/80 blended jet fuel it is recommended to add more anti-freezing to the 
blend.   
6.4.11 Conductivity  
Analysing the data from tables 17 to 22 (excluding table 18), the conductivity remains within 
the range required by ASTM standards. However, despite the compliance, the 20/80 blended 
jet fuel has higher conductivities compared to the 80/20 blended jet fuel. This is due to the fact 
that algae-based jet fuel contains more dissolved substances and it less pure than Jet A1.  
6.4.12 Organic compounds  
Some few organic compounds were tested in both Jet A1 and algae-based jet fuel. The data is 
presented in tables 18 and 24. Except for the total aromatics which should be around a 
maximum value of 25 % in volume regarding ASTM specifications, there are no specified 
ASTM limits for the other parameters. Analysing the data recorded in both tables 18 and 24, it 
was found that there was no significant difference between the same organic parameters for 
both Jet A1 and algae-based jet fuel. The tests were not done on both blends due to limited 
resources, however, from the data of every single fuel, it is possible to predict that these organic 
compounds will have the same influence in both blend regarding their impact on physico-
chemical parameters such as flash point, freezing point, viscosity etc 
CONCLUSION 
Blending conventional jet fuel with algae-based jet fuel in 80/20 and 20/80 ratios respectively 
can assist in reducing the dependence on fossil fuels while keeping the same level of 
sustainability.  The 80/20 blended jet fuel with 80% of conventional jet fuel in volume has 
totally complied with ASTM D1655 standards for the parameters analysed in this study.  
The contribution of Jet A1 has had an influence on the outcome of this blend. However, 
regarding the 20/80 blended jet fuel made with 80% of algae-based jet fuel, the majority of 
parameters have complied with ASTM D1655 standards except for the freezing point, 
 the density at 15 oC and the acidity which are slightly beyond the required ASTM D1655 
standard values. The storage stability test was also undertaken after 30, 60, 90 and 120 days 
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from the day of preparation. The data recorded in this regard has revealed that majority of 
parameters have remained compliant with regard to ASTM D1655 standards for the 80/20 
blended jet fuel. However, parameters such as density and total acidity were found to be beyond 
the limits required by ASTM D 1655 standards for the 20/80 blended jet fuel during the entire 
storage period. The 80/20 blended jet fuel was fully compliant to ASTM D1655 standards and 
it can be a sustainable option for certification.  
The 20/80 blended jet fuel is also an acceptable option for certification based on the data 
generated in this study. However, it is imperative to purify or upgrade further the algae-based 
jet fuel in order to get a highly purified product. This will improve the density, reduce sensibly 
the contamination, water content, dissolved substances and the particulate matters. From the 
data collected in the current study, blending in 80/20 and 20/80 can both be explored as one of 
the options to reduce dependence on fossil fuels and carbon footprint. More studies have to be 
done in terms of additives to improve the quality of the blends and enhance the possibility for 
certification for both blends. 
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                                     CHAPTER 7 PREFACE  
The current chapter summarizes the main findings and their significance. The overall approach 
and the findings to produce aviation fuel from microalgae are highlighted.  These findings 
display various aspects of knowledge contribution generated from this study. 
Recommendations for more studies in the future are presented in the last part of the chapter.           
CHAPTER  7: CONCLUSIONS AND RECOMMENDATIONS 
7.1 BACKGROUND AND RATIONALE  
The total economic value of trade in the algae industry is projected to be worth   1.1 billion $ 
from 2016 to 2024 according to a market report released by Transparency Market Research in 
2016. With an increase in the number of algae start-up companies, many projects are driven by 
public and private investments. It aims to set up laboratory and pilot facilities to develop 
cutting-edge technology for sustainable algae-based fuels. Microalgae-based fuels are part of 
the green solution and of many initiatives from environmental lobby groups to drive alternative 
fuels to fill this innovation chasm.  A commitment to fostering technologies that could yield 
substantial benefits over time is the current trend that is taking place in the algae biotechnology 
sector. To date over 50 commercial industries are successfully producing fuel derivatives from 
microalgae. Among others, Algeniol, Sapphire, Aurora Algae, Eldorado Biofuels, Genifuel, 
HR Biopetroleum, and Petro Algae are all specialising in algae products.  This aims to achieve 
cost-competitive and sustainable algal biofuels.  The current study has focused on the 
production of jet fuel from algae biomass.  
The cultivation, the production of biomass and hyper lipid synthesis, the conversion of algae 
bio-oil to jet fuel, process design and the blending with commercial Jet A1 showed further 
                                                                      
134 
 
progress towards a biofuel with a superior specification. The product from this study was algae 
based-jet fuel with most of the higher characteristics complying with ASTM D 1655 standards 
used to test conventional aviation fuels.    
With regard to the processing of microalgae to jet fuel (Chapter 3), high amounts of biomass 
were recorded between day 8 and day 10. Maximising biomass production under defined 
operating conditions of temperature, light intensity and saline domestic wastewater (nitrate and 
phosphate loading) contributed to supplement the algae broth, reducing the cost of supplying 
nutrient for growth. Also, it assists in the removal of nitrates and phosphates from saline 
domestic wastewater. Microalgae cultivation temperatures ranged between 15 and 35oC under 
a luminance of 1000 lux and a daily supply of CO2 for a period of 15 days.  
The species Nannochloropsis sp grew effectively between 15 to 25oC with more biomass 
produced within the same temperature range.  During hyper lipid synthesis, more than 80% of 
lipid increase was recorded under total nutrients starvation of microalgae cells in a highly 
purified water environment after a period of 3 days. Previous studies have so far used a partial 
starvation with nitrogen or phosphorous deprivation. Once maximum lipids have been 
synthesised, cells were ruptured releasing oils and through a centrifuge, biomass and lipids 
were separated.  Subsequently, solvents were used for extracting crude oil and then recovered 
through evaporation.  Thermal cracking was initiated without a catalyst at 300 oC for 31 min. 
The gas chromatograph showed all long-chain hydrocarbons were broken at this temperature 
and period. Alternatively, a fast cracking of hydrocarbon chains known as pyrolysis was 
initiated to compare cracking efficiency.  Pyrolysis at 450 oC was recorded for cracking of 
crude bio-oil for a time of 12 s. Fractionation of bio-oil between 70 oC and 250 oC occurred 
post cracking, to produce middle-end distillates representing the jet fuel fraction.  
All carbon fractions collected within the temperature range between 70 and 250 ºC and were 
identified as alkanes. Most physico-chemical parameters of these alkanes (impure) were within 
the range prescribed by ASTM standards except freezing point and density. The freezing point 
was recorded at -30 oC which was found to extend beyond the standards required by ASTM 
D1655 (-40 oC). Impure alkanes made of minute particulates prevented the alkane mixture from 
reaching -40 oC. Similarly, the presence of particulates in the alkane mix increased its density 
to higher than ASTM D1655 standards. The removal of particulate matter can improve the 
density and the freezing point.  Microfiltration, ultrafiltration, reforming and upgrading can 
remove particulate matter and enhance the quality of algae-based jet with a complying freezing 
point. The addition of antifreeze is also required to ensure that the jet fuel will not solidify.   
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 A conceptual design using ASPEN HYSIS V8.8 was developed (Chapter 4) and the process 
simulation was successfully completed with data from the laboratory.   
The following unit processes were part of the conceptual design: Biomass cultivation, biomass 
harvesting, physiological modification, bio-oil extraction, hydrocracking, fractionation, 
reforming and upgrading.  The optimization of temperature values for various processes was 
also completed in order to enable the simulation and process design.  
The cracking of crude bio-oil was simulated at 350 OC. The simulated pressure for the 
distillation was 1 bar. The same pressure was used for the flash vessel collecting some middle-
end fractions mixed with the vapour phase.  The solvent used during simulation was a mixture 
of chloroform and methanol in a 1/1 ratio. The simulated overall conversion rate was 85 %.  
The simulation used saline domestic wastewater loaded with nutrients as an effective growth 
media. It will assist in reducing the use of freshwater resources. CO2 from fossil sources can 
also be collected and used as an additional nutrient for microalgae during cultivation. The 
growth medium can be either open ponds or a photobioreactor depending on the available 
possibilities and the environmental conditions.  
Blending algae based-jet fuel and Jet A1 was also part of this study (Chapters 5 and 6), 
blending improves sustainability and carbon footprint. Blending assists also in producing less 
fossil fuels which are currently being depleted. Two blending options were completed; B50 
and B20. 
Regarding the 50/50 blending known as B50 (Chapter 5), most selected parameters were 
complying with ASTM standards. However, parameters such as density at 15 oC and total 
acidity were found non-compliant to ASTM standards. Non-compliance of properties could be 
due to the fact that the algae-based jet fuel needed more polishing steps. Therefore, further 
polishing processes such as reforming and upgrading to reach the same level of purity as Jet 
A1 will be required for algae-based jet fuel. Membrane filtration or rectification process to 
improve the density, the total acidity and reduce sensibly the contamination level can be used 
as a polishing step. Storage stability tests were undertaken on the 30, 60, 90 and 120th days 
after the 50/50 blended jet fuel preparation. They have indicated that most parameters were 
stable and complied with ASTM standards. The 50/50 blended jet fuel can be produced at large 
scales and commercialised, many physico-chemical parameters comply with ASTM standards.  
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Furthermore, the presence of algae-based jet fuel makes this blend environmentally friendly. 
However, the costs effectiveness related to the B50 blend should be completed to confirm the 
affordability aspect.   
About the 80/20 and 20/80 blends both known as B20 (Chapter 6), it was found that the 80/20 
blended jet fuel made with 80% of Jet A1 and 20 % of algae-based jet fuel (in volume), totally 
complied with the used ASTM D1655 standards. This option is recommendable for ASTM 
certification. The amount of Jet A1 in the blend had a significant influence on the compliance 
aspect. However, regarding the 20/80 blended jet fuel made with 20 % Jet A1 and   80% of 
algae-based jet fuel, all parameters have complied with ASTM standards related to jet fuel 
except the freezing point, the density at 15oC and the acidity which are slightly beyond the 
required ASTM D1655 standard.  Fuel storage tests for the 80/20 blended jet fuel completed 
after 30, 60, 90 and 120 days from the production day, have shown that parameters are stable 
with regards to ASTM D1655 standards.  Density and total acidity for the 20/80 blended jet 
fuel were not complying with ASTM D165.  They were beyond ASTM D1655 standards during 
the storage period. They can be adjusted with advanced filtration and polishing steps mentioned 
earlier to adjust high density and acidity. Overall, blending in B20 can be explored as one of 
the options to reduce dependence on fossil fuels and carbon footprint.  
Additionally, the connection of all the steps involved from biomass production to jet fuel was 
the main challenge encountered during the course of this study. It is important to stress the fact 
that all these steps are interconnected and interdependent. However, lipid hyper synthesis is a 
very critical step which is more than needed to supply a high amount of bio-crude oil for 
conversion into jet fuel. Operating conditions during conversion process are vital for each unit 
process to produce quality jet fuel. The conversion processes used during the experiment were 
related to the production of conventional jet fuel. This can assist in the future to get algae-based 
jet fuel similar to conventional jet fuel. The similarity should be in terms of costs and quality 
to suit the market expectations. It is achievable through innovation only.  
The algae industry is currently in expansion and its growth is very fast because of the wide 
range of products from various species and strains. Products of algae are valuable because 
traded on major stock markets. It is an indicator of how algae business in general and algae 
biotechnology is moving toward a great revolution or innovation.  
The algae-based fuel industry, especially the one for jet fuel, is among the most exciting, many 
innovative studies are currently underway. Majority of these studies are generally patented and 
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hidden in the private domain. A small amount of these innovations is released in the public 
domain due to high competitivity in the aviation industry.  
The price of the barrel fluctuates every so often, producing countries are ruling the market.  
The current price of the barrel is about 66$ for WTI crude and 73$ for the Brent crude. 
According to the International Air Transportation Association, the average price for the barrel 
of jet fuel is about 85 $/bbl for 2018. Also, the impact on 2018 fuel bill of the global airline 
industry is currently evaluated at 42 billion $. Given the current expansion of the algae market, 
the size of investments, the competitiveness and innovations in the algae biotechnology 
industry, algae-based jet fuel can be valuable and competitive in the near future.  
7.2 RECOMMENDATION AND FURTHER STUDIES  
Based on the findings of this study, the following recommended research have emanated and 
can be undertaken in future studies:  
1. Domestic wastewater is an effective growth media because of the abundant presence of 
nutrients. Therefore, future studies on the effective growth of species in domestic wastewater 
to produce more biomass and lipids will be required.  
2. The produced algae based-jet fuel is quite similar to conventional jet fuel with regard to the 
compliance aspects. However, the objective is to make it a ‘’drop in ‘’ jet fuel.  
 Therefore, polishing processes such as upgrading and membrane filtration can be essential for 
the removal of particulate matter to improve the density and algae-based jet fuel purity.  
3.  Freezing point is one of the most important parameters required for jet fuel. Algae-based jet 
fuel produced had a freezing point superior to the minimum required by ASTM standards.  
The addition of an antifreeze to adjust the freezing point at the required by the standards is 
required.     
4. A conceptual design was developed with unit processes related to the production of a 
conventional jet fuel. The simulation of the process was successfully run as mentioned before.  
Therefore, the unit process used to produce conventional jet fuel are also relevant for algae-
based jet fuel production. A detailed design study including equipment modelling, sensitivity 
analysis and costs analysis is indispensable using the conceptual design as a basis.  
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5. Algae-based jet fuel is known as a low carbon footprint because its crude is non-fossil oil, 
carbon footprint studies should be completed to quantify carbon emission between algae-based 
jet fuel, blended jet fuel and various conventional jet fuels. 
6. Cracking of algae crude bio-oil was successfully completed. Pyrolysis is the fastest and 
thermal cracking without catalyst was lengthy but both are effective. Other routes such as 
biomass gasification can be analysed and used for conversion of algae biomass into jet fuel. A 
study regarding algae biomass gasification can be undertaken in that regard. 
7.  Life Cycle Assessment (LCA) was not part of the study. However, LCA studies can be 
completed once the technology has reached a maturity level and it is ready for 
commercialisation.   
8.  B20 blended jet fuels are compliant with ASTM aviation standards. Currently, these 
blending ratios undertaken in the study are not ASTM certified. Further characterisations, blend 
performance monitoring, sustainability, carbon emissions and cost analyses will provide more 
insights to persuade the relevant bodies for their certification. Parameters such as aromatics 
content, hydrogen content, distillation tests for product recovery, smoke point, naphthalene 
content and thermal stability can also be explored to make these blending ratios more credible 
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A B S T R A C T
The aviation sector relies on petroleum jet fuel because it is the most efficient energy carrier. Due to
environmental and economic concerns a strong demand for alternative fuels is emerging. There is a need for
diversification of energy sources from natural resources. These resources must be environmentally friendly and
costs effective. Environmental impacts of fossil fuels on global warming and climate change are being a major
concern today. Furthermore, the fluctuations of oil prices and need for sustainable fuel supply are the strong
drivers for the economies of fuel users. In the aviation sector, Jet fuel from microalgae is one of the alternatives
receiving considerable attention; it offers the potential to diversify energy sources. Microalgae species can
produce lipids; they do not require high use of land, do not need freshwater, can grow in marine water or
wastewater, grow faster in very short period of time, the produced oil is not a threat to food security. Similarly,
the effect of climate change and global warming due to the generation of greenhouse gases (GHG) from
petroleum jet fuel can be considerably reduced due to low carbon footprint generated by algae based fuels.
Therefore, algae based aviation fuels can be considered as an alternative to produce an efficient fuel compared to
conventional fuels. Conversely, the key challenge is: many algae species have lower lipid content. Harvesting
and drying processes are costly as well as upstream processes to convert microalgae oil into Jet fuel. Although
algae biofuels are still small players in the aviation industry, there is a potential for the future. This review
analyses some routes to be explored or already explored, their strengths and weaknesses, the current trends and
possible conceptual approaches to get aviation fuel from microalgae oil.
1. Introduction
Global reserves of petroleum oil have decreased significantly during
the last decades; a probable energy crisis could severely affect the world
in the near future. Environmental and economic concerns are pressur-
izing the aviation industry to an extent of strongly influencing the
industry growth. Despite the implementation of many international
treaties aiming for the promotion of environmental sustainability, the
aviation industry is requested to work toward the reduction of its
environmental impacts. It can only be achieved by developing new
technologies or by upgrading the current ones. Therefore, this will
successfully promote the concept or idea of green aviation. An average
of 705 Mt of CO2 has been generated in 2013 from airlines operations;
it is almost 2–3% of global anthropogenic CO2 emissions [1].
Predictions show that this figure will increase between 1000 and
3100 Mt by 2050. The aviation industry has given itself a target to
reach a carbon neutral growth status by 2020 [1]. It is achievable
through the pillars of innovation with main focus on operations, air
traffic management, environmental protection, safety and fuel proces-
sing technology and sustainability. Focusing on the last one, renewable
energy from biofuels may constitute an acceptable alternative and
possibly a reliable option in case the energy crisis deepens in the near
future. However, production costs for bio- Jet fuels are relatively higher
compared to those for conventional Jet fuels. Consequently, the selling
price may become exorbitant. Higher production costs are attributed to
factors such as relative immaturity of the technology, small number of
active producers; producers of biofuels are focusing more on novel end
products because of low funding in the biofuel markets. Also, the costs
of raw materials may be another cause of higher production costs for
biofuels. It is reported that 80% of the operating costs is made up of
raw materials costs regarding biofuel/ biodiesel production [2].
Therefore, it is necessary to look for suitable and alternative raw
materials or crops capable of producing non-edible oil at low costs to
produce biofuels than using edible vegetable oil for biofuel production.
Microalgae species such as nannochloropsis sp, tetraselmis sp,
Chlamydomonas sp, Synechococcus sp. and many others can be an
acceptable alternatives compared to the edible oil used domestically
because they do not constitute a threat to food security. They are
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photosynthetic cells growing at very high rates in an aquatic environ-
ment. Also, they are considered as emerging alternatives for biofuel
production because their composition reveals a remarkable presence of
fatty acids and lipids. Fatty acids and lipids are the main sources of
energy for biofuels. Similarly, According to Rodolfi (2009) [3], they
have attracted great attention in the biofuel market because of their
high capacity to accumulate abundant amounts of triacylglycerols
(TAG). These species are mainly used in the production of biofuels
such as biodiesel, bio-hydrogen and bio-Jet fuel. Bio-Jet fuel from
algae is gaining more interest and might become a very important deal
with global implications in the near future. Firstly, there is a great focus
on aviation biofuels to reduce the impact of climate change and global
warming. This will also assist in reducing the operating costs in the
aviation industry. Secondly, the petroleum or conventional Jet fuel
prices and their volatility have a severe impact on the business of
airlines: because of fuel price fluctuations there are rippling repercus-
sions to economies of many airlines as well as many countries.
Furthermore, there is a big market for Jet fuel which is currently being
served partially and the demand has kept its increasing trend due to the
need which is growing yearly. The world consumption of Jet fuel has
almost tripled in 30 years; from 1,837,000 barrels/per day in 1980, to
5,220,000 barrels per day in 2010. About 30% of the world consump-
tion was used in the United States (1,398,130 barrels per day in 2012)
[4]. These data are used for information regarding the trends but new
data should be more informative.
Producing algae Jet fuel will require a comprehensive identification
of the potential technical, economic and environmental challenges.
Once these challenges are clearly identified and solved properly, there
is a possibility to make bio-Jet fuel from algae “a drop in” fuel which
will strictly comply the aviation fuel standards. The objective of this
review is to highlight, analyse and suggest some possibilities/ processes
or routes that will lead to Jet fuel from microalgae oil. This study
focuses on downstream processes, the feasibility, their strengths and
weaknesses. It is important to stress on the fact that various routes for
algae Jet fuel production are technically possible but not costs effective
and commercially viable to compete with conventional Jet fuel. The
economic studies and historical developments are not part of this
article as they can be part of another detailed and specific study in the
future.
2. Common points between petroleum crude oil and algae
crude bio-oil
Algae bio-crude oil extracted from species such as Nannochloropsis
sp, Schizochytrium sp, Botryococcus braunii and many other species
may have many similarities with petroleum crude oil in terms of
hydrocarbons content and molecular structure [5]. The majority of
petroleum crude oil originates from algae in marine environment or
ancient algae deposit [6]. Petroleum crude oil consists largely of liquid
hydrocarbons because it is mainly made up of carbon and hydrogen.
On average 85% w/w of oil is carbon, 10–14% of oil is hydrogen,
oxygen accounts for 1–2% and sulphur represents up to 4% of the oil
total weight [7]. Petroleum crude oil originates from a compound
named Kerogen; this compound is created in marine environment by
sedimentary rocks from a series of biochemical and/or chemical
reactions called diagenesis and catagenesis [8]. It is transformed into
crude oil under specific conditions of pressure and temperature. It is
largely composed with algae, biodegraded organic compounds, plank-
ton, bacteria and plant material. Various forms of Kerogen have
different amounts of hydrogen relative to carbon and oxygen [8].
Qualitatively, algae crude bio-oil have a similar molecules compared to
petroleum crude oil, however, there are some differences quantitatively
[5]. This is based on the fact that petroleum crude oil is derived from
Kerogen and algae is part of Kerogen as mentioned before. However,
algae crude bio-oil may differ slightly from petroleum crude oil
depending on species features: the type and nature of species, as well
as the species lipids content. Therefore, one of the main focuses of
algae biotechnology is the development of biofuels making use of
microalgae as the main raw material.
3. Compliance and current drivers for alternative jet fuels
The biggest challenge for algae biofuel producers is to make a Jet
fuel which is totally compliant to stringent regulations as it is the case
with conventional Jet fuel. Compliance is mainly focusing on physico-
chemical properties or parameters such as cold flow property, energy
density, energy content, kinetic viscosity, freezing point, concentration
of aromatics, material compatibility, safety properties, flash point and
thermal stability. The concept of compliance must also at the time be
centred on combustion and kinetic aspects such as ignition and
extinction characteristics, chemical kinetics, lubricity flame speed and
flammability limits. Table 1 provides an overview of some require-
ments based on physico-chemical characteristics, the operational
purpose as well as the specifications. Furthermore, compliance implies
that Jet fuel composition must display specific physico-chemical
characteristics that are critical for the fuel to perform efficiently.
These features must strongly correlate with the composition of Jet fuel
knowing that the composition depends mainly on the raw crude oil, the
type of refining process used and additives to improve the quality of Jet
fuel. Generally, conventional Jet fuel composition is made up roughly
of 20% paraffin, 40% isoparaffin, 20% naphthenes and 20% aromatics
[9]. However additions are made to the Jet fuel in order for it to comply
with environmental aspects and the expected performance. This data is
given for information only and reports only on the main components of
jet fuel. These components play a crucial role in the effectiveness of the
fuel during operation. For instance, the heat density per unit mass of
the fuel is greatly improved when the ratio hydrogen-to-carbon from
isoparaffins and paraffins is high; another fact is that naphthenes assist
Table 1
Summary of important jet fuel properties (derived from [11]).
Parameters Purpose
High energy density Impacts on the aircraft range
Low freezing point Influences pumping capacity of the fuel at lower temperature
High thermal stability Clogging or fouling of fuel system and nozzles occur generally
due to Coke and gum deposits during combustion. It prevents the chemical decomposition of the fuel.
Viscosity Influences the ability of the fuel nozzles to spray fuel and the capacity of the engine to restart at higher altitudes.
Combustion features To minimise the formation of particulates in combustor and in exhaust
Adequate lubricity Affects the ability of the jet fuel to lubricate fuelling system and engine controls
Material compatibility The Jet Fuel interacts with metals and many others materials, it necessary to ensure an effective compatibility with materials in contact with jet fuel.
Safety Avoidance of explosions during handling of the jet fuel and during its storage into containers
High specific energy Decreases take-off weight and helps to improve the efficient of the fuel
High flash point Allow the fuel ignition for safe operation
Aromatic compounds Must be sufficient because it allows acceptable seal swell to prevent leaks in the fuel system.
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in the reduction of the freezing point, which is very critical at higher
altitudes; aromatics contribute largely to material compatibility and
prevent leaks in the seals of some aircraft [9];[10];[11]. Therefore, the
composition of Jet fuel can be regarded as a key aspect for compliance
with the stringent standards used for aviation fuels which are namely
ASTM D1655 of the American Society for Testing and Materials
(ASTM) and Def Stan 91-91 of the UK Ministry of Defence.
Alternative Jet fuels such as algae Jet fuels will require to satisfy to
many expectations which are described as follows: the reduction of
emissions that have an impact on climate change and global warming,
the diversification and expansion of energy supplies, Jet fuel should be
less expensive in terms of capital and operating costs, there should be a
possibility of scaling up without major constraints and producing large
volumes of fuel without adversative effects on water and land
resources, bio- Jet fuel must perform as a’’ drop-in ‘’ substitution or
support for the conventional Jet-fuel [11]. These characteristics can be
summarized into three main aspects: algae based Jet fuels must
contribute to solving problems requiring efficient environmental
sustainability, beneficial economic sustainability and energy diversifi-
cation [11]. To solve this issue there are challenges that need to be
addressed effectively in order to meet compliance requirements.
4. Algae based aviation fuel: challenges
A part from the compliance aspect mentioned earlier, algae aviation
fuels are faced with three types of challenges: biological, chemical and
mechanical. In terms of biological challenges, strain selection is
regarded as one of the main aspects to be considered because each
strain is characterised by its lipid content [5]. Lipid content can affect
biofuel productivity or yields. Furthermore, Nutrient requirements and
circulation, growth rates, lipid productivity and optimization of photo-
synthetic efficiency are very important. They have to be meticulously
monitored because they constitute the basis of an efficient growth
[5,12,13,64]. The algal strains to be cultivated should be selected based
on lipid production, biomass productivity, harvest ability, resistance to
contamination, optimal light intensity, tolerance of high oxygen levels
and temperature extremes. Individual and collective effects in terms of
biomass productivity, lipid contents of four strains of microalgae was
recently studied by Eloka-Eboka and Inambao[64], the outcome is that
the nature of strain/species has direct impact on lipid biosynthesis,
biomass productivity and the type of lipids produced. Chemical
challenges are faced when dealing with processes such as oil extraction
using a solvent, transesterification, chemical harvesting, quality of
water and removal of toxic substances in water or wastewater used for
algae cultivation [5,14]. Mechanical challenges are mainly based on
maintenance issues and costs for cultivation units, harvesting, drying
and oil extraction equipment such as oil press or impeller [5]. All these
challenges make the production of Jet fuel from microalgae being more
challenging but very possible if an efficient process optimization can be
undertaken after a viable process design.
5. Potential for microalgae oil to be used for jet fuel
production
Carbon chain lengths in microalgae oil are almost similar compared
to the ones in the crude petroleum as mentioned earlier. Generally,
commercial and military Jet fuels have carbon chains length ranging
between 8 and 16 (C8 to C16) [15]. The conversion of microalgae oil
into Jet fuel will require reducing the number of carbon chains within
the required range as mentioned earlier. It can be achieved through the
breaking down of long carbon chains under specific operating condi-
tions defined by temperature, pressure and use of catalysts. This
catalytic process aims to connect carbon molecules in order to get
the configuration or chemical structure known for Jet fuel. However,
carbon chain configuration is not the only requirement to get a
compliant fuel; there is also lipids content which is extremely im-
portant to acquire high output during downstream processes. It is
therefore important to select strains with higher content in lipids in
order to generate great output from conversion processes. Lipid
characterisation is one of the most important steps to be undertaken
before any study involving the production of algae biofuels. It helps
determine the suitability of the strain or species for biofuel production.
Table 2 presents a summary of some previous studies completed on
carbon chain profile for three species. The analysis of the data in
Table 2 reveals that these species are potentially suitable for aviation
fuel or any other biofuel.
The study confirmed that structure or carbon molecule configura-
tion was made up of high energy loaded molecules capable of being
converted into biofuels [16]. Therefore, the possibility to produce Jet
fuel from various microalgae species can be certain to some extent but
more work needs to be undertake regarding the process. The persisting
challenges are the costs related to growth, harvesting and drying. Also,
the lipid content for many species is relatively low. It is very important
to select species with high lipids content for a viable Jet fuel produc-
tion. More studies on species with high lipid content are still progres-
sing specially in the private domain. For low lipid content species, there
is a tremendous need for improving lipid content using lipid boosting
techniques such as total or partial nutrients starvation or the use of
genetically modified organisms. Conventional Jet fuel is made up of
complex mixtures of hydrocarbons in large numbers. The molecular
weights or number of carbon chains is defined by the requirements
expected for the final product, for instance the freezing point, viscosity,
density, volatility or smoke point. Biofuel physico-chemical properties
improve considerably if both polar and non-polar lipids are involved in
the transesterification reaction; some studies based on making use of
total lipids (polar and non-polar lipids) to generate biofuels by
transesterification have demonstrated positive outcomes [17].
Furthermore, lipid synthesis can be modified by changing growth
conditions, this is particularly valid for non-polar TAGs known as the
best substrate for biofuels production [3].
6. Oil yields for species to be used for algae based jet fuel
Table 3 presents outputs for microalgae oil being extracted from dry
biomass for twenty different types of species. These species are
potentially suitable for biofuels especially for Jet fuel production due
to their lipid content. This information may be useful for evaluation
studies in order to estimate the oil yields to be generated for down-
Table 2









C12:0 5.0 – 0.7
C14:0 – 4.5 0.8
C15:0 0.5 – 0.5
C16:0 37.5 25.8 21.0
C16:1 23.3 37.5 2.0
C16:2 – – 6.5
C16:3 – – 15.2
C17:0 0.4 – 0.1
C18:0 0.9 1.3 2.9
C18:1 11.9 – 3.2
C18:2 1.5 5.1 13.6
C18:3 – 2.0 33.0
C20:0 0.1 – 0.2
C20:1 – – –
C20:4 3.3 1.6 –
C20:5 15.3 13.1 –
C22:0 0.4 – 0.1
C22:1 – – –
C24:0 – – 0.2
C24:1 – – –
J.K. Bwapwa et al. Renewable and Sustainable Energy Reviews 80 (2017) 1345–1354
1347
stream or conversion processes. It may also be very useful for
processes, plant design, mass and energy balance. To increase the
species lipid content, physiological modification can be undertaken as
mentioned earlier. The success of physiological modification or stress
will depend on the type, nature and behaviour of each species under
stress conditions. Table 3 also indicates that Botryococcus braunii,
Nannochloropsis sp and schizochytrium sp. have high lipid content
looking at the average between their lower and maximum lipid content.
Many other species indicated Table 3 may have also a great potential to
produce biofuel or aviation biofuel but not much information is
available in the public domain to analyse their potential in producing
aviation fuels. Botryococcus braunii has a molecule structure which is
roughly similar to the gas-oil fraction of the petroleum crude oil; it is
potentially fit to be used for blending with other fuels for Jet fuel
production [21]. However, one of the concerns with Botryococcus is
that its growth is very slow. It takes nearly a week for one Botryococcus
cell to double [22]. Generally, many studies are targeting
Nannochloropsis, Schizochytrium and Botryococcus to produce bio-
fuels and health related products. Apart from the challenge of
generating high lipid content for many species, there is another
challenge: to get sustainable growth of algae biomass with high
productivity rate in a short period of time. This can be achieved by
implementing effective operating conditions, supplying adequately
nutrients and monitoring growth.
7. Biomass drying and bio-oil extraction
After cultivation algae biomass is harvested in order to proceed with
downstream processes. Biomass water content increases the biomass
volume and can make the dewatering/ harvesting process time and
energy consuming. Solar energy for biomass drying can be considered
as an alternative; however, the main weakness is the necessity of time
and space which are key components for an optimal and efficient
process [27]. However, it is possible to optimize the time and create the
space using an effective design. Hydrothermal processing is known as
an effective substitution approach for biomass drying. In this process,
microalgae are exposed to high temperature and pressure to allow the
breaking apart of the biomass [28]. Harvesting and drying can be
skipped by using the solvent extraction method immediately after
cultivation. In this case solvent can be added to wet biomass after
cultivation. Due to difference of densities, oil will settle at the top and
biomass and water will be at the bottom of the separating funnel or
sedimentation tank. Extraction of bio-oil from algae is successfully
achieved with solvent such as dimethyl ether (DME) or with the
mixture of chloroform and methanol. The solvent can be recovered
by evaporation at lower temperatures; therefore, lower energy con-
sumption is recorded as compared to harvesting and drying options. A
part from solvent extraction, bio- oil can be extracted mechanically
using cell homogenizers or ultrasound [29]. In homogenizers high
pressures are applied to disrupt cells and they are mostly used for
proteins extraction [30]. Regarding the ultrasound method cells are
disrupted by applying sonic waves at frequencies greater than 20 kHz
[31]. Alga cell walls are broken mechanically by ultrasounds due to
cavitation shear forces on the walls; therefore, oil molecules are
migrating easily from the cells to the solvent.
This method is still used at laboratory level, it is not still yet possible
to operate at large scale with ultrasound because of high capital costs
and also high acoustic energy is needed for large volumes of microalgae
[30]. The effectiveness of ultrasound-assisted extraction was investi-
gated for a long time and it is well known in the field of bio-oil
extraction. It is successfully used for extraction of proteins, lipids,
phenolic compounds, and enzymes on laboratory scale as mentioned
earlier. Generally, the extraction of bio-oil from various species has
used solvent extraction in most cases because of the simplicity of the
process, low costs and low energy consumption.
8. Conversion of algae into bio-jet fuel: existing and novel
conceptual approaches for conversion form algae bio-oil to
bio-jet fuel
There are several options that may lead to algae based Jet fuel.
These include biomass to liquid processes with gasification as the main
process, biomass pyrolysis, and biomass fermentation. Some of these
processes have reached a commercial level and ASTM certification
depending on their maturity, the fuel readiness and the opportunity
they may present for the aviation industry. However, new alternatives
are arising to close the gap in terms of fuel efficiency and costs, but as
mentioned before there is scarcity of detailed information that can be
relevant to a large public.
8.1. Biomass to liquids process: gasification technology
8.1.1. The process
Algae to Jet fuel can take the route known as biomass to liquids
(BTL). In this process, the biomass is subjected to a first step of
gasification at a temperature between 150 °C to 300 °C and pressure
varying from 10 to 40 bars in which syngas is produced; This syngas is
subjected to Fischer-Tropsch synthesis while reacting with hydrogen in
a presence of a catalyst (usually iron, cobalt or nickel) [32–34]. This
process is also named gasification/Fischer-Tropsch synthesis (GFT),
during this process long chain of alkanes are produced. At this point a
Table 3
Output in terms of oil content for some algae species (adapted from [23–26].
Microalgae species Output: mass of bio- oil per
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liquid is produced due to the catalytic action. Fractionation can be used
to produce a fuel with required fractions for Jet fuel. The produced Jet
fuel from this pathway based on ASTM certification is known as
Fischer-Tropsch synthetic paraffinic Kerosene (FT-SPK). The process
is suitable for lignocellulosic, woody, agriculture biomass including
algae biomass and municipal solid wastes. However, no fuel has been
produced at large scale using this process with algae biomass. New
studies are currently being undertaken to develop Fischer-Tropsch
synthetic Kerosene high in aromatics content (FT-SKA). This Jet fuel
will be an improved version of the previous one. More aromatics can
improve the performance of Jet fuel more especially the net heat of
combustion. Also, they sensibly reduce the possibility of fuel leaks from
the aircrafts. The biomass is first pre-treated and in most cases the
drying process is used to reduce the moisture content aiming to
facilitate its handling and transportation. Drying increases reliability
and continuity regarding the feeding of biomass through industrial
facilities [35]. However, the pre-treatment step must be undertaken
remotely to reduce sensibly the costs related to logistics involved in
transportation of biomass. Already biomass drying is costly because it
is energy intensive, there is a necessity for optimization of any
subsequent process to make the technology cost effective.
Gasification depends mostly on the type of biomass. The moisture
and ash content can have an impact on the quality of syngas. High
concentrations of volatile substances resulting from high temperatures,
low ash content and low moisture can make an ideal BTL process
because of fewer impurities in the syngas [36].
8.1.2. Technological development, commercial activity and fuel
readiness
Application of BTL process to algae biomass is relatively new and
requires full optimization. Generally, gasification technologies require
substantial improvement, particularly with handling of feedstocks
[32,35]. When it comes to Fischer-Tropsch processes, less extensive
adaptation is required, due to the similarity in terms of content for
syngas produced from biomass and fossil fuels. BTL was expected to be
operational in the 2000s, but it has slowly progressed than excepted.
Projects using this technology are still at demonstration level or pilot
scale, possibly in the next decade a mature process will be established.
The readiness of the algae Jet fuel using this technology is yet to be
determined because the technology requires optimization and impor-
tant improvements.
8.1.3. Opportunities, challenges for use in aviation and compatibility
with existing systems
The FT-SPK process used for biomass conversion into liquid fuels
may present some advantages over conventional Jet fuel because of its
composition. Its specific energy is 2% greater compared to the one for
conventional Jet fuel because of its paraffinic structure and also the
aromatic content is low. Consequently, the weight of Jet fuel needed for
flying specific distances can be reduced, therefore, the potential pay-
load of the aircraft increases and the consumption of energy per unit of
payload is reduced [33,37]. However, there are many challenges
preventing the use of FT-SPK as a neat Jet fuel. For example its energy
density (per unit volume) is 3% lower compared to the one for
conventional Jet fuel. This is due to lower aromatic content and
paraffinic composition. Consequently, the maximum range of the
aircraft is reduced, long distance flights cannot be an option in this
case because requiring full tank of fuel [34,37]. Low aromatic content
may end in fuel leaks with elastomers such as nitrile-rubber seals which
can expand in the presence of aromatics. The lower lubricity of the fuel
also is considered to be another cause that deteriorates wear on engine
components [32,34]. To mitigate these weaknesses it is recommended
blending FT-SPK fuel with conventional Jet fuel in a 50–50% propor-
tion [34]. The costs of this process need optimization since many co-
products including diesel and gasoline can be recovered. BTL using this
pathway can generate low sulphur content fuels with high cetane
number [34].
8.2. Pyrolysis
This is a thermal process in which decomposition of organic materials
takes place in the absence of oxygen. During pyrolysis, oils, gases, char
and water are produced depending on the process conditions. Generally,
there is production of chars at conditions involving slow heating rates with
final temperatures lower than 450 °C. However, with rapid heating rates
with high temperatures greater than 800 °C gases are produced. A variant
of biomass pyrolysis is known as fast pyrolysis, it is achieved with
temperatures between 400 and 600 °C within few seconds as residence
time. Thereafter, gas quenching or cooling is rapidly undertaken, the gas
is sent to a condenser to produce bio-oil [35,38–40]. With fast pyrolysis
yields of up to 80% (in weight) can be achieved. To improve the oil quality
zeolite is used as catalyst during the process. The catalyst can influence the
increase of aromatic content and cause the decrease of oxygen. The
catalytic compared to the non-catalytic pyrolysis produces high quality oil
that requires less upgrading steps. Therefore, it is cost effective compared
to the non-catalytic [41,42]. This process can be effective for algae
biomass but the biomass needs to be dried properly before pyrolysis.
This is an added cost to be considered, analysed and optimized. Pyrolysis
being used on petroleum derived fuel has been proven successful and its
readiness does not need to be proved anymore. However, fast pyrolysis
suffers with issues related to slow commercialisation due to the lack of an
effective market demand regarding crude bio-oil [38]. Pyrolysis can be an
acceptable option for conversion of algae biomass into Jet fuel. There is a
need for optimization and development of new and low costs upgrading
processes. This may be possible through the improvement of the existing
hydrodeoxygenation or deoxygenation. More studies are still being under-
taken in this regard. The main areas of these studies may involve the
appropriateness of various catalysts as well as their life cycle, reduction of
hydrogen intake and the assessment of the required deoxygenation to co-
process bio-oil in conventional refineries [38,43]. These new approaches
are currently at the laboratory and pilot scale levels [44,45]. In general, it
is important to emphasis on the fact that pyrolysis of any biomass to
produce crude bio-oil without upgrading is a very mature technology.
8.3. Hydrothermal liquefaction
This process is similar to pyrolysis and is also used for the
conversion of algae biomass into fuels. It is known as a thermochemical
process operating under high pressure and medium temperature
aiming to produce oil from algae biomass. During this process, algae
biomass macromolecules are firstly hydrolysed and broken into smaller
molecules. However, unstable and reactive molecules can recombine
into larger ones sometimes. Dehydration or decarboxylation is used to
remove substantial amount of oxygen from the biomass to enhance the
performance of produced Jet fuel. Bio-oil properties more especially
chemical ones are greatly dependent on the biomass composition.
Algae biomass is made up of different organic components, each of
them generate different ranges of compounds during hydrothermal
liquefaction. Generally, a reaction of organic matter takes place in the
presence of water and catalysts. The operating conditions for the
biomass consist of low final temperatures which are generally between
300 and 400 °C under high pressures ranging between 50 and 200 bars
with maximum residence time of 30 min or even more [35,40,46,47].
Hydrothermal liquefaction used as a process to generate renewable
fuels from algae biomass shows a great potential. However, the
technology is still largely used at laboratory and pilot scales, very few
cases may have been taken at large scale.
8.3.1. Opportunities and challenges for use in aviation regarding
pyrolysis and hydrothermal liquefaction processes
Jet Fuels produced from pyrolysis and hydrothermal processes may
have high aromatic content, low oxygen content and few impurities,
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these are highly required features for Jet fuel [38,48,49]. However,
upgrading bio-oil to Jet fuel requires extensive deoxygenation which
can be a costly process. The high costs may be an obstacle to efficiently
produce fractions that are predominantly in the jet fuel range [35].
8.4. Fermentation to jet (FTJ)
Anaerobic fermentation of algae biomass can generate alkane based
fuels from fermentation. In this method enzymes are used as catalysts
to bring specific biochemical reactions during the fermentation. The
method is used to operate directly from sugar to hydrocarbons or
fermentation of sugar to Jet fuel. The process involves the following
steps: pre-treatment, enzymatic hydrolysis, hydrolysate clarification,
biological conversion (or bioconversion), product purification and
hydroprocessing [50]. During enzymatic hydrolysis process enzymes
facilitate the cleavage of bonds in molecules with the addition of water.
Hydrolysate clarification is used for separation of liquids and solids
generated after the hydrolysis process. Bioconversion converts a
portion of biomass into sugars which is then fermented into an alcohol.
Product purification and hydroprocessing use fractionation and hydro-
cracking as downstream processes to get the required Jet fuel with
compliant physico-chemical properties. During the FTJ process sugar
molecules from algae biomass are digested and an alcohol intermediate
is produced with the help of enzymes. Direct conversion of alcohols to
alkanes is generally challenging. The conversion usually uses a
sequence of a two-step process. This sequence involves the conversion
of alcohols into leaving groups such as halides and sulfonate esters
followed by reduction with metal hydrides [51]. The conversion of
alcohol to alkanes can be also achieved through deoxygenation using
enzymes. To produce sugars, algae biomass have to be fed with carbon
dioxide during growth. Carbon dioxide can be taken from fossil fuel
plants, it is also helpful for growth and lipid boosting. In terms of the
fuel readiness, FTJ process is still at the pilot stage but is moving
toward demonstration and early commercialisation stages. It involves
the conversion of sugars to isoprenoids using genetically modified
organisms. These isoprenoids are polymerised to generate hydrocar-
bons. Thereafter, the hydrocarbons are hydroprocessed to create stocks
for blending purposes [47,52]. The fuel produced from this process is
ASTM certified only for blending with conventional Jet fuel in
proportions lower or equal to 10% [51]. The certified version is named
synthesised iso-paraffinic fuel from fermented hydroprocessed sugar
[51]. Literature about FTJ fuel produced from algae is very scarce
because the process is still new and not yet used in the industry,
similarly, the specific operating conditions to get Jet fuel cannot be
found in the existing literature. The conversion technologies of alcohol
to jet fuels are still at the laboratory and pilot levels of application. The
details of operational dedicated pilot plants are not yet identified in the
literature. More studies need to be undertaken for the process to be
developed at large scale. The studies involve the costs and possibilities
to escalate depending on the process simulation and optimization.
8.4.1. Opportunities and challenges for use in aviation
The process is ASTM certified which confers the confidence for Jet
fuel to be produced from fermented sugar generated from algae
biomass using FTJ. However, the Jet fuel produced using this process
is still preferred for blending. The quantities to be produced are
depending on the biomass growth output. Also, the use of genetically
modified organisms to convert sugars and the capture of carbon
dioxide for sugar production makes the process expensive compared
to the process used for conventional Jet fuel production [51].
8.5. Transesterification to bio-jet fuel
This route uses the algae biodiesel from the transesterification
followed by decarboxylation and deoxygenation to produce high purity
Jet fuel [53]. Decarboxylation or deoxygenation of methyl esters
increases energy density of the Jet fuel and allows the removal of
methyl esters which are not needed in Jet fuel. Finally, isomerization
process allows the breakdown of large molecule chains into small
alkanes decreasing the higher freezing point to the normal one for the
Jet fuel [53]. Generally, biodiesel from algae oil has also high flash
point, high freezing point, high density, low kinematic viscosity and
high oxygen content compared to the ASTM requirements for Jet fuel
as indicated in Table 4. Transesterification of algae oil followed by
deoxygenation or decarboxylation and isomerization to get Jet fuel
from algae oil is technically feasible but very expensive [53]. This
method is still under development, its maturity will depend on the
laboratory and pilot scale data.
8.5.1. Opportunities and challenge in fuel aviation
The process can allow the cracking long chain molecules at low
temperatures which are the transesterification temperatures mostly
around 50–60 °C. Therefore, transesterification on its own is energy
efficient and costs effective. However, the freezing point of the final
product might be higher than the one required for Jet fuel as indicated
in Table 5. Also, the purification processes as mentioned before are
prohibitively expensive. This is challenging but the process presents an
opportunity to develop an innovative way to overcome the challenge.
8.6. Suggested approaches: new trends and conceptual approaches
Fig. 1 presents various approaches and trends showing the potential
for the conversion of algae oil into Jet fuel. However, the strengths and
weaknesses of most of these approaches are summarized in Table 5.
These strengths and weaknesses present the critical aspects of the
processes that can be explored to develop new alternatives approaches,
to improve the current ones and to allow an efficient production of
aviation fuel from algae oil. Options such as cracking, hydrocracking,
pyrolysis, gasification and Fischer Tropsch are used in the petroleum
industry for conventional Jet fuel. They are proven to be successful, it is
possible to use and adapt them for algae based Jet fuel with defined
operating conditions using the same processing plants. Some few
processes or technologies under development are also used to
get algae based Jet fuel and they may present an opportunity to be
explored. They are described as follows:
• CentiaTM Process
Developed in USA at North Carolina State University, patented
process that can reuse oil from many feedstocks including agricul-
ture, aquaculture or algae, waste oil, animal fats etc. The process can
easily produce bio-Jet fuel which is compliant to Jet fuel require-
ments. High yields and energy density for the produced bio-Jet fuel.
Table 4
Comparison of selected properties between transesterified algal bio-oil and conventional
Jet A and A1 (adapted from [53]).












Density at 15 °C [kg/m 3] 775–840 775–840 864
Flash point °C 38 (minimum) 38 (minimum) 115
Freezing point °C −40 − 47 Close to 0







Oxygen [ %w] 1–2 1–2 11.3
(minimum)
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The process has shown that 85% of energy conversion can be
expected.
• Enzymatic approach (biochemical conversion)
Enzymatic approaches are increasingly becoming attractive, they
are not yet at large scale. This is due to the relatively high price of
lipase as well as its short operational life. The short operational life
is caused by the negative effects of excessive methanol and co-
product glycerol. One of the greatest challenges to demonstrating
the validity of this approach lies in the conversion of algal oil
extracts at a commercial scale and at competitive prices.
• Plasma technology
Promising technology that can be used with plasmas to open
chemical pathways prohibited at conventional temperatures. This
technology is not yet at the level maturity in order to be used for large
scales because still under development.
8.7. Unsolved issues and future perspectives for algae based aviation
fuels
The aviation industry is faced with many challenges that need to be
overcome. The demand for aviation fuel is facing an increasing demand
which is expected from a range of 1.5–3% annually [54]. In the
European Union, an annual growth estimated at 3% is expected in the
aviation transportation sector until 2050. In the meantime the annual
growth for fuel consumption is expected to be at 2% [55]. This
represents a great opportunity for algae based aviation fuel. Algae Jet
fuel will have to fit in the current market characterised by fast growth
and high demand. In the case high quality and efficient algae Jet fuel is
produced, the fuel will be able to supply the balance needed by the
industry and to solve the issue of the increasing demand mentioned
earlier. However, some key unsolved issues need to be addressed to
advance the agenda of producing sustainable and competitive algae
based Jet fuel: the identification of species that can produce very high
quantities of lipids with less oxygen content, the development of
physiological modification techniques or use of genetically modified
organisms to improve the lipid production for various species at higher
rates, the development of novel growth processes to reduce sensibly the
costs related to growth and updated bio-oil extraction techniques with
low energy intake, the implementation of low costs and very efficient
harvesting techniques, and the development of novel biomass drying
process. Briefly, to reduce the costs related to the production algae Jet
fuel without compromising the quality needed for compliance. Some of
the processes mentioned in Fig. 1 can be used to produce algae Jet fuel.
However, the costs remain a challenge, it has been estimated that a
barrel of algae fuel can range between 300 and 2600 US dollars [26,56]
(valid from 2005 to 2011), this price was brought down to 84 US dollars
by modifying the downstream processes [53] (for the same period).
These costs are still high compared to ones related to petroleum fuels.
The estimated costs to produce a barrel of petroleum fuels are between
40 and 80 US Dollars [26,56]( this was valid from 2005 to 2011).
Therefore, the costs and the quality issues compulsory for compliance
are the main hurdles to overcome in order for algae Jet fuel to be able to
compete with petroleum Jet fuel. Technology for species growth, oil
extraction, conversion processes need to be completely improved,
optimized, and tested. This aims to improve fuel molecules and reduce
sensibly the costs and environmental impacts in order to ensure a
market ready algae Jet fuel. The implementation of low energy intake
processes generating high output should be the basis of new studies to
overcome these challenges. Therefore, economic sustainability and
Table 5
Advantages and weakness of processes in Fig. 1 (compiled from [32–36,42,44,46,51–53]).
Process Advantages/strengths Weaknesses
Cracking/Hydrocracking – Efficient process with high yield.
– Can be achieved with achievable temperatures (300–450 °C)
– Achieved on large scale.
– Affordable and proven successful
– Impact on costs because of the use of catalysts.
– Can be time consuming.
Pyrolysis – Very fast process, can be achieved in fraction of seconds or
few minutes
– Proven successful and affordable on large scale for
conventional petroleum products.
– Challenging to control.
– Requires very high temperatures.
– Not recommended for small hydrocarbons because of their
volatility.
– Oil produced from this process has high oxygen and water
content, low heating value.
– The oil produced may require upgrading using
hydroprocessing and hydrocracking.
– May generate asphalt or bitumen.
– Dehydration must be undertaken upstream to allow an
efficient process.
Possibility of GHG gas emission
Fischer Tropsch/Gasification – Used for wide selection of feedstocks (eg biomass and coal)
for syngas generation.
– Proven successful process for aviation biofuel.
– May be costly and energy intensive depending on the type of
gasification (fluidised bed, hydrothermal, entrained flow etc).
– Costs effective when only operated at large scale.
Biodiesel (Transesterification) to
bio-jet fuel
– Achievable technically because of the use of lower
temperatures compared to previous processes.
– Decarboxylation and deoxygenation are undertaken to
increase energy density of the fuel
– The process can be expensive.
– Large quantities of CO2 might be produced during
decarboxylation depending on volumes of biodiesel.
Isomerization is used to decrease a freezing point of the
generated jet fuel
Enzymatic process – Attractive and interesting process because of low energy
input. There is still a tremendous prospect in this area.
– Promising technology
– Not a mature process as yet, still at pilot stage.
– Could be very expensive.
Centia TM. – Proven maturity, scalability and affordability.
– The process can generate biodiesel and bio-gasoline while
processing bio-jet fuel.
– CO2 is produced during decarboxylation.
– May be costly because of the use of catalysts.
Plasma gasification – It can generate clean syngas. – Not a mature process as yet.
– Very costly.Promising technology
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environmental sustainability are the driving forces that need to be
satisfied in order to have algae Jet fuel at commercial stage.
9. Algae cultivation: importance and technologies
Cultivation of microalgae highly affects the quantity of produced
biomass, the costs of the output and also the increase of lipid quantity.
The increase of lipids content for algae biomass is currently one of the
major challenges faced by algae biofuels. Once this barrier can be
overcome algae based fuels will be a sustainable alternative to fossil
fuels. Many strategies to improve the lipid production have been used
in the past, these include starvation of nutrients mainly nitrogen,
addition of CO2 or sugar to the growing culture as mentioned earlier.
Cultivation of algae can be accomplished in open ponds and in
photo-bioreactor (PBR) which is a closed culture systems [57]. In an
open pond system the culture medium is directly exposed to the natural
environment. Open pond systems use solar energy as the light source
for microalgae cultivation [58]. The open system have an advantage of
regulating the temperature by liquid evaporation. This system incor-
porates paddle wheels for mixing and circulation of gas or liquid with
Options1 and 2: Cracking and Pyrolysis approach  
Bio-jet fuel
Option 3:  Fischer Tropsch/ gasification approach 
Option 4: Biodiesel approach 
Option 5: Enzymatic approach ( 1st possibility) 
Option 6: Centia TM Process 
Bio-Jet fuel
Option 7: Plasma Gasification
Bio-Jet fuel
Algae Bio-crude oil Bio-oil 
Purification


























Algae biomass Biomass gasification    Liquefaction of syngas Fractionation 









Fig. 1. Conversion processes to get algae bio-jet fuel (compiled from [32–36,51–53]).
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low investment [59]. Open pond system is less expensive since their
fabrication involves lower costs material and they require less energy.
Major drawbacks of open pond systems are less effectual temperature
control and the usage of light. They require relatively larger area and
only handful of microalgae can be cultivation in this system. The
system also suffers from higher risk of culture contamination as well as
low density of microalgae [60,61,27]. Photobioreactors are closed
systems that are frequently used in commercial scales for the cultiva-
tion of microalgae. In photo-bioreactors microalgae growth is con-
trolled to achieve specific biological modification [27,59]. They are
convenient to handle compared to open pond system for mixing and
mass transfer of gas or liquid. Photobioreactors show productivity due
to most effective use of the cultivation area and efficient energy
consumption [61,62].
Earlier study reported that cultivation of microalgae in photobior-
eactors yield higher lipid content [63], this can be beneficial to get
higher yield for bio-Jet fuel production. However, a major problem is
artificial illumination. Light conversion performance of photobioreac-
tors is restricted because of heat generation due to contact with light
sources [63]. The facility installation expenditure is much higher and
their functioning costs are higher since they necessitate more power
[58]. Although, the costs for photobioreactors are higher, many studies
are undertaken aiming to optimize the costs and make it less expensive,
therefore, there is still room for research in this area. Once costs are
sensibly reduced this option can present many advantages for bio-Jet
fuel production because of the higher lipid content generated when
using photobioreactors.
10. Conclusions
Production of biofuels for the aviation industry may be challenged
by a handful of shortcomings on the technical feasibility and costs.
These limitations hamper the technology readiness, its commercial
maturity as well as the technology certification. There is a limited
availability of data and information on the public domain regarding the
development of alternative Jet fuels. The limitation mainly includes
economic data which seems insufficient to estimate and question
whether it is capital intensive or not together with the technical
feasibility. However, in the private domain many studies are under-
taken to get bio-jet fuel from feedstocks with high oil content. Technical
feasibility and economics remain a secret for the producer. Therefore,
technical and economic considerations including environmental as-
pects are the back bones for any new development regarding alter-
native Jet-fuels. Algae based fuels may be one of the most prominent
ways to get Jet fuel more especially some marine species such as
Nannochloropsis sp, Schizochytrium sp, Botryococcus braunii,
Neochloris oleoabundans, Nitzschia sp. and many other. It appears
that these species can technically be advantageous for an effective bio-
Jet fuel production compared Jet fuel from other oil crops. Algae
biomass have the ability to grow faster, they do not constitute a threat
for food crops, they do not need excessive land to grow, they are not a
threat for water resources and their crude bio-oil is very similar to
petroleum crude oil in terms of carbon chains. However, the challenge
is to address effectively this issue of boosting lipid content through the
species physiological manipulation. This is an area that needs more
studies to improve the ability of many species to increase their oil
content during growth and during starvation. The starvation should
define operating conditions and duration of the process to increasing
the lipid content. Another challenge is on the engineering side and
deals with the appropriate technology that is costs effective and
sustainable to bring algae aviation to a point of ‘’drop in ‘’fuel. This
will involve the development of techniques that may allow the produc-
tion of a fuel similar to the petroleum Jet fuel known as conventional
jet fuel. Compliance is the main reference in producing alternative Jet
fuel, mostly Jet fuel from algae biomass. Jet-fuel has generally carbon
chains ranging from 8 to 16 depending on the Jet fuel type. TAGs are
recognised for high percentage of short chain fatty acids that can reach
high number of carbon chain lengths. Many species seem to position
themselves as the potential sources for biofuel to be used in aviation.
Algae based Jet fuel has achieved many key milestones by identifying
various species with high potential to generate oil and developing
various routes or downstream processes to get algae based Jet fuel.
Technological concept is a milestone which has also been clearly
formulated; this means the way to go for successful technologies must
mostly be copied on the petroleum Jet fuel processes. These down-
stream processes used on petroleum fuels have been demonstrated on
large scales, the capital and operating costs are no more a big challenge.
Furthermore, another milestone is the established valid concept for
conversion of algae oil into fuels which already exists within the circles
of many stakeholders in the private domain. The public domain needs
to step into it and get the relevant information. Consequently, the
scaling up to industrial or large scale will only require appropriate
process optimization and modelling to reduce the operating costs. The
scaling is possible if the technologies used can demonstrate maturity
and can show potential for commercialisation. Hence, if these mile-
stones are achieved, certification and commercialisation can follow.
Blending algae oil with petroleum oil products is also another option to
be considered for algae based Jet fuel to be operational on the market
while costs optimization is still being considered in many studies. The
B10, B20 and B50 are the most advised ratios for blending. This
strategy can be explored because it slows down the speed of depletion
of petroleum fuels by using less petroleum products and reduces
carbon footprint. In definitive, algae based aviation could be costs
effective within the next decade providing that high lipid content
species are identified and there is development of new processes that
are costs competitive and sustainable. For algae based Jet fuel to be a
‘’drop-in’’ fuel, testing the fuel should be simulating all the character-
istics of the current conventional Jet fuel in terms of engine perfor-
mance, operability, characteristics such as fuel consumption and
engine start. Environmental impact and life cycle assessment studies
should be undertaken to add value to the advantages that algae based
jet fuel can present over the conventional Jet fuel. Therefore, to meet
energy growth new and alternative fuels have to be developed. To meet
this goal and avoid energy crisis in the near future there should be a
criteria including the ‘’drop-in fuel aspect’’ as well as environmental
and economic sustainability. The objectives of papers were therefore
met by establishing many options and routes that are possible to
produce Jet fuel from algae oil. Details of the processes, their strengths
and weaknesses were discussed. Algae fuels are still small players
compared to petroleum based fuel in the energy sector, there is more to
be achieved.
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Abstract: This study focuses on the laboratory production of jet fuel from microalgae. In contrast with 
many studies that use partial nutrient starvation to boost lipid content of the species, physiological 
modification was undertaken under complete nutrient starvation for 3 days to increase lipid content 
beyond 80%. This was followed by biomass harvesting, which was necessary for downstream pro-
cesses. Large amounts of biomass were achieved between day 8 and day 10 during the cultivation 
period, with temperatures ranging between 15 and 35 °C under constant luminance of 1000 lux and 
daily supply of CO2 for 15 days. It was found that Nannochloropsis sp. grew effectively between 15 
°C and 25 °C with more biomass produced in the same temperature range. Conversion processes 
involved steps such as oil extraction, thermal cracking without catalyst at 300 °C and fractionation 
between 70 °C and 250 °C. The pyrolysis of bio-oil was also undertaken as a fast cracking process for 
the temperature ranging between 350 °C and 450 °C within 12 s. Some parameters such as flash point, 
net heat of combustion, sulfur, and viscosity complied with ASTM standards. Jet fuel from microalgae 
therefore shows potential despite many challenges related to cost effectiveness and sustainability. In 
order to obtain a bio-jet fuel that is completely compliant with ASTM standards, upgrading, reforming 
processes, and the use of additives will be needed more, especially for pilot and large-scale production 
once fuel sustainability is achieved. © 2018 Society of Chemical Industry and John Wiley & Sons, Ltd




ndustrial interest in the production of alternative fuels 
and in reducing dependence on fossil fuels is grow-
ing. A greater demand for energy has led to fluctua-
tions in the prices of fossil fuels. Adverse environmental 
effects resulting from the combustion of fossil fuels 
have increased interest in the search for environmen-
tally friendly renewable resources. The use of biomass 
as a feedstock for energy production has consequently 
emerged as an area of importance.1,2,3 As a result, 
many feedstocks have been used to produce biofuels.4,5 
However, algae biomass is one of the bioresources that 
can produce clean and sustainable fuel despite a few chal-
lenges.6,7,8 Today it has technically been proved that there 
is a real possibility of converting algae or any biomass 
into bioethanol, bio-jet fuel, and bio-diesel.3 Nonetheless, 
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Knowledge gap and the knowledge 
contribution from this study 
The literature on algae-based transportation fuels is scarce 
but many studies have been completed in this field; how-
ever, most of their outcomes are not available to the pub-
lic. These studies have focused on conversion processes, 
biomass productivity, optimising growth conditions, and 
dewatering processes.11,20,21,23 Nevertheless, there are still 
some gaps to be covered regarding the production of algae-
based fuels. Effective genetic modification to increase the 
lipid output is one of the major issues that needs to be 
addressed. This study contributes to the process of filling 
the gap by establishing a total (complete) nutrient starva-
tion technique. 
This study’s contribution to knowledge is its examination 
of the way in which total nutrient starvation can stimulate 
an increase in lipid in microalgae cells. In many previous 
studies, the physiological modification of species is com-
pleted under partial nutrient starvation.11,20,21,23 However, 
in this study, physiological modification is achieved under 
total nutrient starvation of the species after cultivation. 
Most algae species have a very low lipid content; it is there-
fore challenging to have a high output for algae jet fuel with 
low crude bio-oil output.11 Another way in which the study 
contributes to knowledge is based on the cracking process 
of the crude bio-oil, which is completed without a catalyst 
at an achievable temperature with a high oil recovery rate.  
Overview of the species and bio-oil type 
used for the experiment  
Nannochloropsis bio-oil is a reliable source of eicosapen-
tanoic acid / oil (EPA) and also contains dodecahexanoic 
acid / oil (DHA). Nannochloropsis sp. strains are charac-
terised by various unique biochemical and ultrastructure 
features such as the absence of chlorophyll b or c, the 
composition of the cellular xanthophyll pigments,24,25,26 
relatively high EPA content27,28 as well as the presence of 
specific sterols.29,30 The unique ultrastructure features of 
these strains are the presence of lamellate vesicles in the 
cytoplasm and the connection of the chloroplast envelope 
with the nuclear envelope. Nannochloropsis sp. is widely 
cultivated because of its higher EPA content (EPA long 
chain omega-3 fatty acids with 20-carbon chain includ-
ing 5 cis double bonds) representing between 4% and 5 % 
of the biomass, and also because of its small cells (2–3 μm 
diameter) known as feed for rotifers in the ‘green water’ 
technique. The modulation of fatty acid composition by 
varying culture parameters such as light intensity, light-
dark cycles, temperature, salinity, and nutrients has been 
algae-based fuels are still expensive when compared with 
conventional fuels. 
Unlike other first- and second-generation biofuels, 
algae can grow easily and reproduce very quickly under 
photosynthetic conditions.9 Microalgae are microscopic 
and photosynthetic organisms that grow in marine, 
freshwater, or wastewater environments. The produc-
tion of algae biomass generally depends on the type of 
species or strain used during cultivation.10 The type 
and nature of the strain or species, the growth condi-
tions, and the nutrients supplied to the culture directly 
inf luence biomass productivity and lipid content.11 
Microalgae grow very fast, as mentioned before, and 
some species are exceptionally rich in oil, but not most 
of them.12,13 
Although the growth of the microalgae depends on 
many characteristics of the species, they can double the 
amount of biomass within 24 hours.14 Growing microal-
gae under well-defined operating conditions will there-
fore result in high biomass production and eventually 
more lipids can be collected.15,16,17 Microalgae grow like 
any other microorganisms; however, their growth cycle 
is made of four phases: lag, exponential, stationary, and 
the death phase or lysis. They convert photonic energy, 
water, and CO2 to sugars; sugars are therefore converted 
to macromolecules such as lipids and triacylglycerols 
(TAG).18,19 During the cultivation phase, once microalgae 
culture has reached the stationary phase, biomass har-
vesting must be undertaken in order to collect the highest 
amount of biomass needed for conversion processes. In 
this study, a marine microalga known as Nannochloropsis 
sp. is grown under photosynthetic conditions. The effec-
tiveness of photosynthesis is one of the crucial aspects 
required for effective biomass productivity; it depends on 
the amount of light supplied to the culture, but also on 
the nature of the species.20,21 Photosynthetic efficiency 
affects the growth rate and potentially biomass produc-
tion.14 Similarly, environmental parameters such as the 
pH of the growing culture, its temperature and salinity 
(especially for a marine species), the amount of carbon 
dioxide supplied to the growing culture and the availabil-
ity of nutrients in the growing media are very important 
for effective growth.22 
These parameters directly influence the growth and 
proliferation of algae cells and consequently the rate of 
biomass production.11,20,21,23 The study’s main objective is 
to produce bio-jet fuel from a microalgae species (known 
as Nannochloropsis sp.) under defined operating conditions 
in order to establish a laboratory process from cultivation 
to the production of jet fuel. 
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production because the physiological manipulation under-
taken with nitrogen starvation only showed an increase of 
approximately 60% in lipid content compared to its initial 
lipid content before starvation.37,38,39,40 These lipids are 
mainly TAGs and they contain saturated and monoun-
saturated fatty acids.19,41
Material and methods
Sampling and culture maintenance
To obtain pure Nannochloropsis sp. cells for cultivation 
and the rest of the experiment, new cells were culti-
vated on petri dishes. On these petri dishes, colonies of 
Nannochloropsis sp. cells from a stock solution made up 
of Nannochloropsis sp. cells were spread in parallel lines 
crossing each other. Parallel lines were drawn in one direc-
tion to reduce the risk of contamination. These lines of 
cells in solution were spread on a viscous and thick mix-
ture made of F/2 media and 15 g of agar added to the petri 
dishes presented in Fig. 1. Thereafter, petri dishes with 
colonies of cells were kept in an incubator at 25 °C with the 
aim of generating pure Nannochloropsis sp. cells. 
After 5 to 7 days, cells appeared as pellets on the surface 
of the thick mixture. Some cells were pure and others were 
not due to probable contamination of growth. To minimise 
contamination of pure cells on the petri dishes, pure cells 
were isolated and put on new petri dishes with the thick 
mixture of F/2 media-agar. Lastly, they were kept at 25 °C 
in the incubator again. After a period of 7 days, pure cells 
widely investigated and reviewed in many studies.17,31,32,33 
Generally, the higher the biomass productivity, the higher 
the EPA productivity.34,35,36 However, this is not always 
the case for all species because the lipid content is lower in 
most cases, as mentioned earlier. Increasing lipid content 
using a physiological manipulation technique is therefore 
very important for many species in order to generate the 
considerable amount of lipids necessary for biofuels pro-
duction. Nannochloropsis sp. was suggested for biofuel 
Figure 1. Cells of Nannochloropsis sp. on petri dishes for 
cultivation.
Figure 2. Cultivation batch (left) and F/2 media solution (right).
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of Nannochloropsis sp. appeared on the surface of the thick 
mixture. These pure cells or pellets were collected and 
added to F/2 media solution to run a cultivation batch in 
a photobioreactor, presented in the left part of Fig. 2. The 
photobioreactor will produce biomass under photosyn-
thetic conditions for a cultivation period of 15 days. The 
stock solution was also collected for future use in case of 
sample loss or contamination or any other incident occur-
ring during experiments.
Media preparation for species cultivation 
The importance of F/2 media regarding algae biomass 
production is to provide nutrients effectively to microalgae 
cells during cultivation. This allows effective growth of 
cells under operating conditions defined by light, tem-
perature, pH, and salinity. Microalgae need nitrates, phos-
phates, and trace elements including heavy metals for an 
effective growth. Media solutions such as F/2 are an ideal 
environment in which these elements are mixed and sup-
plied to microalgae during cultivation. Nitrates allow the 
production of nucleic acid and proteins, and contribute 
greatly to synthesis and lipid production, while phosphates 
are acting as energy carriers.
F/2 media is prepared according to Guillard and Ryther’s 
(1962) method.42 It is widely used with saline or seawater for 
cultivation of many species including marine species. In this 
study the F/2 media preparation begins with 950 ml of saline 
water. This is prepared from tap water mixed with commer-
cial salt at 30 ppt salinity, which is considered as the average 
salinity for seawater in which Nannochloropsis sp. can effec-
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Figure 5. Growth curves recorded for Nannochloropsis sp. 
at 25 °C.
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These processes need more biomass with high lipid con-
tent in order to generate more crude bio-oil. An effective, 
monitored system is required with defined operating condi-
tions. Effective monitoring is very important because it can 
assist in the optimisation of the biomass production. In this 
study, cultivation was undertaken for a maximum of 15 
days, as mentioned above, and is presented in Figs 3 to 7. 
Experiments were carried out in a 1 L photobioreactor 
(see Fig. 2). The salinity of 30 ppt was chosen with the aim 
to simulate species growth conditions in the marine envi-
ronment. Generally, the average seawater salinity favour-
able for species growth varies between 25 and 35 ppt. 
Nannochloropsis sp. being a marine species, it was essen-
tial to grow it under conditions of salinity similar to the 
marine environment. Concerning the pH, the culture was 
maintained at values equal or slightly above 7. The biomass 
was growing at an ambient temperature between 15 °C 
and 35 °C with an average light intensity of 1000 lux using 
fluorescent light for 24 hours of illumination. CO2 was 
added daily to these batches and its volume was equivalent 
to 15 % of the photobioreactor.43 The addition of CO2 was 
intended to boost the lipid content of the growing biomass. 
To expose the cells to maximum illumination, facilitate 
gas exchange, and provide effective mixing, biomass aera-
tion was undertaken during cultivation. Growth data are 
summarised in Table 1.
Results and discussions 
Unit operations 
Microalgae cultivation and growth curves
Growth measurements can be monitored using various 
methods. In this study, optical density was recorded on a 
daily basis for a period of 15 days.  This was done to moni-
tor the species’ growth accurately. A wet microalgae bio-
mass was collected from the filtration of 20 ml taken from 
the growing culture. This was mixed with 10 ml of 85% ace-
tone. The filtration media used for separation of water and 
wet biomass was a GFF40 filter paper. The mixture of wet  
biomass and acetone was kept in vials at −4 °C in a refrig-
erant for 24 hours. A digital spectrophotometer Turner  
Designs serial number #7200-000 manufactured in San Jose, 
CA, with Optical Kits P/N 10-040R, was used for the optical 
Table 1. Summary of growth data for Nannochloropsis sp. biomass.
Parameter Salinity Temperature range Average pH Light intensity (average) CO2 addition Cultivation cycle and mode 
Value 30 ppt Controlled: 15, 20, 25, 
30 and 35 °C






















































Figure 7. Growth curves recorded for Nannochloropsis sp. 
at 35 °C.
Na2SiO3.9H2O, trace elements, and vitamins were added 
to saline water following Guillard and Ryther’s method.42  
The final volume is brought to 1 L by adding saline water or 
natural filtered seawater to the photobioreactor. Finally, the 
mixture is sterilised for 1 hour at 105 °C in an autoclave. 
The uptake of nutrients by microalgae cells takes place 
during cultivation, so microalgae cells grow as much as 
they absorb nutrients up to the time the growth process 
reaches the stationary phase. At this stage harvesting can 
be undertaken and a new batch can be started. 
Cultivation of the species and growth 
under proficient monitoring of the system 
Cultivation of Nannochloropsis sp. aims to produce as much 
as biomass possible to be used for downstream processes. 
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the temperature range from 15 °C to 25 °C. Similarly, it 
was recorded that the optical densities recorded during 
this temperature range were greater than those recorded 
for 30 °C and 35 °C. More cells were produced within the 
temperature range between 15 °C and 25 °C than between 
30 °C and 35 °C, where the cells number decreased. 
Biomass harvesting 
Algae biomass was harvested during the stationary phase of 
the cultivation period. It was done on days where high values 
of optical densities were recorded because large amounts of 
biomass were produced on these days. It was therefore com-
pleted on day 10 for cultivation batches operating between 
15 to 25 °C, and on day 9 for cultivation batches operating 
at 30 °C and on day 8 for cultivation batches operating at 
35 °C. The biomass was harvested by centrifugation using 
a ‘Hermle’ centrifuge (HERMLE Labortechnik GmbH, 
Wehingen) running at 4000 rpm for 10 minutes. On average 
1800 mg/l of wet biomass was recorded after 10 days, with 
an average of 600 mg/l of lipid recorded during the same 
growth period. This almost corresponds to data recorded for 
Nannochloropsis sp. F&M-24 by Rodolfi et al. in 2009.39 
density measurements. In this device the fluorescence was 
set at 680 nm from a light source excited at 436 nm. The 
method is based on the direct reading of the fluorescence 
of optical density expressed in terms of the concentration 
of the pigment, which in this case was the amount of cells 
represented by the mass of chlorophyll A non-acid per unit 
volume. It was expressed in µg/L and represents the degree 
of absorption of light at a specified wavelength by the solu-
tion or suspension containing microalgae cells. The average 
of the daily measurements recorded in triplicate was used 
to plot the growth curves represented in Figs 3 to 7. 
The analysis of these growth curves shows that 
Nannochloropsis sp. reached the highest amounts of bio-
mass between day 8 and 10 for the temperature ranging 
from 15 to 35 °C. The highest optical density was obtained 
within the stationary phases mainly on the tenth day of 
the culture growing at 15 °C, 20 °C, and 25 °C. The sta-
tionary phase during cultivation was very short for these 
temperatures. Regarding the temperatures of 30 °C and 
35 °C, the highest optical density values were recorded 
on day 9 and day 8 respectively; thereafter, the lysis 
phase was taking place. It was therefore recorded that the 
Nannochloropsis sp. used was growing efficiently within 
Figure 8a. Overall mass balance for bio-oil production/L of Nannochloropsis  
biomass before total nutrients starvation.
Solvent [200 mg]
Wet Biomass [1800mg]
Bio-oil [600 mg] 
Wet Accumulated biomass [1000 mg] 
(a)
Figure 8b. Overall mass balance for bio-oil production/L of Nannochloropsis  
biomass after total nutrients starvation.
Solvent [200 mg]
(b)
Wet Biomass [1800mg]                                                                                  
Wet accumulated Biomass [500 mg]
Bio-oil [1100 mg] 
© 2018 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. (2018); DOI: 10.1002/bbb 7
In the Field: Microalgae processing for jet fuel production JK Bwapwa et al.
the solvent mixture and wet biomass was also brought to a 
volume ratio of 1 : 1. The crude bio-oil extraction was under-
taken on wet biomass. It was aiming to skip the drying  
process, which is energy and time consuming. Bio-oil was col-
lected after solvent evaporation in an evaporator from 65 °C. 
Determination of neutral lipids 
Lipid content for the control and the stressed samples were 
determined using a gravimetric method. To determine the 
total amount of lipids accumulated in microalgae cells dur-
ing the experiment the following procedure reported by 
Guckert et al.,45 Wagner et al.,46 and Lee et al.47 was under-
taken: 50 ml of microalgae was harvested by centrifugation 
for 20 min after cultivation. The extraction of lipids was 
completed by adding 28 ml of 50 mM phosphate buffer (pH 
7.4) into the cell pellets. Thereafter, cells were resuspended 
and sonicated for 1 min. The samples were transferred to 
separating funnels; 35 ml chloroform and 70 ml methanol 
were added to each of them, then they were shaken in order 
to homogenise the mixtures and finally they were kept for 
18 hours. After those 18 hours, 35 ml of chloroform and 35 
ml distilled water were added to the samples. The samples 
were kept for a further 18 hours and the lower chloroform 
layer in a round-bottom flask was collected. The weight of 
the empty flask was recorded at the beginning of the exper-
iment. The extract was evaporated in a water bath at 65 °C 
using a rotary evaporator to remove the solvents; the lipid 
content, as mass, was then worked out from the difference 
between the weight of the flask with bio-oil and the weight 
of the empty flask. This procedure has assisted in establish-
ing the mass balances presented in Figs 8a and 8b. 
Analysing these mass balances, it may be observed that, 
before nutrient starvation, the amount of bio-oil recorded 
represents only 30% of the total biomass used for oil extrac-
tion (Fig. 8a). After physiological modification undertaken 
Physiological modification 
To increase microalgae lipid content, it is necessary to modify 
the physiology of cells. In many studies, increased lipid was 
obtained by partial nutrient starvation of cells. In most cases 
this was achieved by depriving species of nitrogen. In this 
study, total or complete nutrient starvation is undertaken 
to modify the physiology of the species in order to stimu-
late the synthesis of more lipids within cells. Deprivation of 
nutrients, or cell stressing, was undertaken for 3 days in a 
pure and nutrient-free environment. After starving micro-
algae cells for few days, a substantial increase in lipids was 
recorded. The lipid increase is displayed by the data recorded 
from the mass balances presented in Figures 8a and 8b. 
The Nile Red technique was used to observe the changes 
regarding stressing or physiological modification of micro-
algae cells. The right side of Fig. 9 presents the configuration 
microalgae cells before starvation. The left side of Fig. 9 shows 
the changes that took place after genetic stressing or physi-
ological modification caused by complete (or total) nutrient 
starvation of microalgae cells. It can be observed that the 
cells are yellow with more lipids after being totally deprived 
of nutrients for few days. The procedure for Nile Red consists 
of cells being incubated in a Nile Red solution made of 0.25 
mg/l in acetone. The incubating time was 5 minutes and, 
thereafter, cells were viewed under a fluorescent microscope. 
A 450–490 nm excitation filter, a 510 nm diachronic mirror, 
and a 515 nm barrier filter with a 100x lens were also used. 
Bio-oil extraction 
Extraction of crude bio-oil from harvested biomass was 
completed using a modified Bligh and Dyer44 method. In 
this modified method a solvent mixture made with chloro-
form and methanol in a 1 : 1 volume ratio is used. This mix-
ture was added to the wet biomass. The volume ratio between 
Figure 9. Cells of biomass before total nutrients starvation (right) and cells of biomass 
after total nutrients starvation (left).
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Figure 10. Chromatograph of Nannochloropsis sp. crude bio-oil.
with total starvation of nutrients, there is an increase of 
more than 80% when comparing the lipid content (bio-oil) 
before starvation (Fig. 8a) and after starvation (Fig. 8b). 
Characterisation of crude bio-oil 
The characterisation of microalgae crude bio-oil was 
completed using a gas chromatograph (GC/ MS). The 
sample of crude bio-oil was purified by filtration. This 
was followed by the transesterification of the bio-oil, after 
which it was injected into the GC/MS for characterisa-
tion. After running the standard, vegetable oils such as 
sunflower and canola oils were also used for trials. These 
trials were undertaken before running the bio-oil from 
Nannochloropsis. The purpose of the trials with vegetable 
oils was based on the fact that microalgae bio-oil is also 
a vegetable oil. It has qualitative similarities with many 
vegetable oils including sunflower and canola oils. These 
trials have assisted in establishing the method for the bio-
oil characterisation with GC/MS. Subsequently, the sample 
of microalgae bio-oil was run successfully with the GC/
MS. Figure 10 shows the chromatograph and results from 
a sample of crude bio-oil from microalgae on GC/MS. 
Table 2 shows the presence of various fatty methyl esters 
(FAMEs) and other hydrocarbons found in the crude bio-
oil from Nannochloropsis sp. 
From the characterisation indicated in Table 2, FAMEs 
were identified as having carbon chains ranging between 
C6 to C57. This situation is very favourable for jet fuel 
production. Cracking is therefore needed in order to break 
down long carbon chains including C55 and C57 into 
short and medium ones essential for jet fuel production. 
Fractionation or distillation will follow, to separate differ-
ent carbon chains based on the difference in boiling points. 
Jet fuel is a complex blend of alkanes made mainly from 
middle-end carbon chains between C14 to C16 and other 
alkanes from low-middle-end carbon chains in the case of 
jet B. Table 2 indicates that fractions between C14 and C16 
have together recorded high percentages in terms of areas 
of the peaks compared to the other remaining fractions. 
Thermal cracking: thermolysis
Compounds from the characterisation presented in Table 
2 have to be broken down to produce middle-end fractions 
or carbon chains needed for jet fuel. These fractions must 
be mainly alkanes, as mentioned earlier, in order to obtain 
a bio-jet fuel similar to the conventional jet fuel. Firstly, 
cracking trials on vegetable oils such as sunflower and 
canola oils were undertaken at the following temperatures: 
300, 350, 400, and 450 °C. It was done with the follow-
ing times: 30, 45 and 60 min for each temperature. From 
these trials it was recorded that when cracking at the tem-
perature of 300 °C all compounds were disintegrated or 
broken after a maximum time of 30 minutes. The experi-
ment was simulated on GC/MS to determine the crack-
ing temperature and time without catalyst for a complete 
disintegration of carbon chains for sunflower and canola 
oils. Secondly, after using vegetable oils, the same experi-
ence was undertaken on microalgae bio-oil. The simulated 
cracking on GC/MS for microalgae bio-oil generated 
similar results. The cracking temperature was recorded at 
300 °C within a time of 31.06 min. The pyrolysis of puri-
fied bio-oil undertaken as fast cracking was achieved at 
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Table 2. Data for crude bio-oil from Nannochloropsis completed on GC/MS. 
Peak no. Retention time (min]) Area % Height % A/H Compound formula and name
1 2.911 0.94 1.60 3.83 C6H8 : 1,4-cyclohexadiene
2 25.912 0.55 1.24 2.88 C16H32 : 3-hexadecene, (Z)-
3 26.513 2.39 5.14 3.02 C14H30: tetradecane
4 31.672 0.61 1.21 3.30 C16H32 : 3-hexadecene (Z)-
5 34.541 2.27 2.86 5.13 C14H28O2: tetradecanoic acid
6 36.045 6.27 12.31 3.30 C22H42O2: phytol, acetate
7 36.202 0.62 1.29 3.10 C20H40: 2-hexadecene, 3,7,11,15-tetramethyl-, [R-[R*
8 37.132 3.08 4.92 4.06 C20H40O 3,7,11,15-tetramethyl-2-hexadecen-1-ol
9 38.256 2.04 4.25 3.11 C17H34O2: hexadecanoic acid, methyl ester
10 39.152 9.77 5.61 11.29 C16H30O2: palmitoleic acid
11 39.868 39.18 19.14 13.26 C15H30O2: pentadecanoic acid
12 41.385 1.02, 2.14 3.09 C57H104O6 9-octadecenoic acid, 1,2,3-propanetriyl ester
13 41.895 5.87 9.89 3.85 C21H40O2: octadecanoic acid, 2-propenyl ester
14 42.290 0.99 1.67 3.85 C18H34O: 9,12-octadecadien-1-ol, (Z,Z)-
15 44.172 2.82 3.18 5.74 C18H36O2: octadecanoic acid
16 45.635 0.81 1.57 3.35 C21H38O2: isopropyl linoleate
17 45.939 0.85 1.22 4.47 C26H44O6 : ethyl iso-allocholate
18 46.103 1.35 2.12 4.11 C22H34O2 :5,8,11,14,17-eicosapentaenoic acid, methyl ester
19 49.968 1.85 3.32 3.60 C23H34O2: 4,7,10,13,16,19-docosahexaenoic acid, methyl
20 50.276 0.68 0.89 4.92 C16H30Ocis-9-hexadecenal
21 50.645 1.94 2.34 5.36 C19H38O4 hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl
22 58.135 0.77 1.45 3.43 C27H44: cholesta-3,5-diene
23 61.943 5.75 7.28 5.12 C27H46O : cholesterol
24 62.120 0.55 0.67 5.29 C29H50O2: vitamin E
25 64.970 7.04 2.67 17.09 C55H106O6: eicosanoic acid, 2-[(1-oxohexadecyl)oxy]-1-[[(1
100 100
350 °C during a time of 12 s while 450 °C was recorded 
as the pyrolysis temperature for crude bio-oil achieved 
within the same amount of time. The recovered quantity 
of oil recorded after thermal cracking was between 85% 
and 90%. Cracking temperature and time can be improved 
with the assistance of catalysts. Studies can be undertaken 
to choose the relevant catalyst for an effective cracking 
temperature and time. Figure 11 presents various peaks of 
the cracked bio-crude oil recorded on a GC/MS. This is a 
simulated cracking achieved at 300 °C. 
Fractionation
A distillation unit was used for fractionation. This process 
was conducted at atmospheric pressure. During fractiona-
tion, solvent recovery took place between 60 °C and 65 
°C. From 70 °C to an end point of 250 °C, middle distil-
late alkanes making a jet fuel from microalgae oil were 
collected. 
Overall flowchart 
Figure 12 presents the entire process undertaken in the 
laboratory to produce bio-jet fuel from microalgae cultiva-
tion. Future research can examine the possibility of adding 
upgrading and reforming unit processes to obtain a more 
purified final product.
Characterisation of the algal jet fuel from 
Nannochloropsis 
The jet fuel produced was characterised with GC/MS. This 
was followed by physico-chemical analyses to determine if 
the product was similar to the conventional jet A1 used as a 
reference. Physico-chemical analyses were also completed, 
in compliance with ASTM standards for aviation fuels. 
Figures 13 and 14 present the chromatographs resulting 
from the characterisation of jet A1 and the bio-jet fuel pro-
duced in this study. Table 3 shows details about different 
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Figure 12. Flowchart of processing operations from algal cultivation to bio-jet fuel.
compounds found on the peaks in the chromatographs 
generated by the GC/MS. 
There is a similarity between both jet fuels in terms of 
content when analysing all the peaks and the compounds 
from the chromatographs. This is confirmed by the fact 
that most compounds found in bio-jet fuel, and from jet A1, 
are alkanes as indicated in both versions of Table 3. These 
alkanes have been recorded on all peaks for both jet A1 and 
bio-jet fuel. A few exceptions were found with the jet A1: 
some compounds appear with oxygen and sulfur; these come 
from the petroleum crude oil and the additives used for 
improving the physico-chemical proprieties of jet A1. Table 4 
presents the average for measurements done in triplicate dur-
ing characterisation. It includes the physico-chemical data of 
both the bio-jet fuel produced in this study and the various 
conventional jet fuels. The importance of each parameter is 
explained in terms of the energy needed by the aircraft. 
Analysis of Table 4 shows that most parameters 
recorded for algae-based jet fuel comply with the ASTM 
standards for aviation fuels. The analysis of data for the 
algae jet fuel shows that only density and freezing point 
need to be improved. This can be achieved by the use 
of additives. Bio-jet fuel produced in this study can be 
blended with jet A 1, jet A or jet B. By blending bio-jet 
fuel with conventional jet fuel it is possible to reduce 
the fuel carbon footprint, because the refraction index 
and combustion ability will increase and improve fuel 
sustainability. 
Conclusion 
• High amounts of biomass were produced between day 
8 and day 10 of the cultivation period with tempera-
tures ranging between 15 and 35 °C under a luminance 
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of 1000 lux and supply of CO2 on a daily basis during a 
cultivation period of 15 days.
• Nannochloropsis sp. grew effectively between 15 to 25 °C 
with more biomass produced in the same temperature 
range. 
• The biomass was subjected to physiological modifica-
tion for 3 days under total nutrient starvation with 
more than an 80% increase in lipid. 
• The microalgae bio-oil produced was subjected to ther-
mal cracking without catalyst at 300 °C for 31 min.
• The pyrolysis of oil was undertaken as a fast cracking 
at 350 °C for purified bio-oil achieved for a maximum 
period of 12 s while 450 °C was recorded as the pyroly-
sis temperature for microalgae crude bio-oil achieved 
for the same amount of time
• Fractionation was undertaken between 70 °C and 250 °C. 
• Most physico-chemical parameters were within the range 
prescribed by ASTM standards, except freezing point and 
density. The use of antifreezing can assist in solving the 
issue of freezing point while polishing processes such as 
membrane filtration can be used to remove particulate 
matter in order to improve the density. 
Figure 13. Chromatograph profile of produced bio-jet fuel.
Figure 14. Chromatograph profile of conventional jet fuel 
(jet A1).
Table 3. Comparison between peaks from 
chromatographs of bio-jet fuel (a) and 
conventional jet fuel (b). 
(a) (b)
Hit Compound Hit Compound 
1 C31H64 1 C31H64
2 C54H110 2 C22H46
3 C23H48 3 C54H110
4 C25H52 4 C23H48
5 C22H46 5 C27H56
6 C24H50 6 C30H62
7 C30H62 7 C24H50
8 C32H66 8 C35H72
9 C39H80 9 C29H60
10 C30H62 10 C19H40
11 C34H70 11 C23H48
12 C40H82 12 C21H44
13 C30H62 13 C18H38O3S
14 C25H52 14 C21H44
15 C54H110 15 C12H26
16 C35H72 16 C15H32O3S
17 C24H50 17 C22H46
18 C36H74 18 C16H34O3S
19 C24H50 19 C16H34
20 C40H82 20 C20H42
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There is currently a need to mature the technology by 
moving from pilot to commercial scale. Once the technol-
ogy has reached the level of maturity required for com-
mercialisation, life-cycle assessment studies can be under-
taken to predict the extent of carbon emissions and fuel 
sustainability. The pilot scale can involve more investiga-
tions on upgrading processes, the use of catalysts, model-
ling parameters to optimise the bio- jet fuel production 
and to improve its quality. This will also assist in defining 
conditions for efficient process design which are essential 
for scaling up to commercial plant. It will also assist in 
optimising the costs for a sustainable bio- jet fuel to com-
pete with the current conventional jet fuel.
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Abstract: Microalgae oil can be converted into aviation fuel to reduce dependence on fossil fuels and 
decrease the carbon footprint. This could be a significant step toward sustainable energy resources that 
have the potential to produce ‘drop-in’ fuels. Algae-based fuels are potential substitutes for fossil fuels 
due to the quality of their crude oil. However, this is only possible if appropriate conversion processes are 
undertaken. Conversely, microalgae species have low lipid content and biomass harvesting is still an energy-
demanding process. In this study, a conceptual design is developed for the conversion of microalgae oil to 
jet fuel. It is based on a process undertaken in the laboratory using a species named Nannochloropsis sp. 
Nutrients and CO2 were supplied to the growing culture for effective growth. Biomass harvesting was com-
pleted on the tenth day of the growth cycle. It was followed by physiological modification to improve lipid 
content. Finally, crude oil extraction was followed by bio-oil hydrocracking at 350 °C, and fractionation of 
cracked bio-oil between 70 and 300 °C to separate light-, middle-, and heavy-end hydrocarbons for use in 
the production of jet fuel. During simulation, reforming and upgrading processes were added to the design to 
enhance the quality of the jet fuel to be produced on large scale in the future. The study, including the results, 
suggests that it is technically feasible to convert microalgae oil into jet fuel because of the similarity between 
algae bio-oil and petroleum crude oil. © 2018 Society of Chemical Industry and John Wiley & Sons, Ltd
Keywords: Nannochloropsis; jet fuel; conversion process; microalgae oil; process design; simulation
Introduction
Background, jet fuel and biodiesel
T
he current need for sustainable energy has led to a focus 
on the development of ground-breaking and alterna-
tive types of renewable energy. This trend aims to fill 
the gap created by an increasing demand from the energy 
industry.1 Options related to the production of biofuels such 
as ethanol, biodiesel, and jet fuel from biomass are therefore 
currently being considered carefully. Ethanol derived from 
starch, sugar, or any other type of biomass can be used as 
an alternative or additive to gasoline.2–5 Furthermore, if cel-
lulosic biomass is used successfully to produce bioethanol at 
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refineries for conventional jet fuel in order to produce 
algae-based jet fuel.10 However, the process has to be 
improved economically for algae-derived jet to be com-
petitive and finally become commercialized. There is 
currently no jet fuel on the market produced on a larger 
scale from algae bio-oil. Many projects are still at trial 
and pilot scale. Algae -derived jet fuel is only blended 
with conventional jet fuel on 50–50 ratio as allowed by 
ASTM certification.
For microalgae to produce oil, biomass cultivation must 
take place under defined conditions of temperature and pH. 
The addition of nutrients and carbon dioxide to allow effec-
tive growth should also be part of the cultivation process. 
Harvesting takes place after the cultivation period and there-
after bio-oil extraction is undertaken to produce bio-oil for 
the conversion process. In some situations, microalgae grow 
best in saline water / seawater or wastewater more generally, 
and in domestic sewage because of the presence of nutrients 
such as nitrates and phosphates. However, this is not always 
possible for all species or strains; some will grow easily in 
any water or wastewater streams and other not, and it also 
depends on the species or strain’s nature or type. Being pho-
tosynthetic organisms, microalgae cells require sufficient 
light to guarantee an effective growth in order to produce 
enough biomass. Species can therefore multiply in a very 
short period of time if all growth conditions are gathered. 
Sunlight can be used, in this regard, as cheap option for cul-
ture illumination; it is an energy-efficient way to cultivate 
algae, although there could be daily and seasonal variations 
in terms of light intensity.11,12 
Cultivation, lipid production and lipid content
Cultivation takes place in photobioreactors or open ponds. 
Various microalgae species store energy in the form of 
hydrocarbon, which can produce lipids or bio-oil. This is 
obviously happening when nutrient depletion takes place 
during the cultivation period. This period is characterized 
by the species growth, which is regarded as the biomass 
production time.13,14 The cells’ buoyancy is also regulated 
by the lipids present in them. However, the lipid content for 
many species is generally low. By manipulating the microal-
gae cell genetics and the growth conditions it is possible to 
increase bio-oil output. Genetic or physiological modifica-
tion of microalgae cells will stimulate lipid increase. This 
is needed for conversion processes. The genetic modifica-
tion of an algal cell is all about stressing the species under 
adverse conditions to stimulate the metabolism of the 
microalgae cell. As a result, stressing microalgae cells under 
defined conditions will allow the production of more lipids.
affordable costs, there will consequently be competition with 
petroleum-based fuels. Regarding the biodiesel alternative, 
some edible and non-edible oils can be a substitute for petro-
leum diesel if the production costs are reduced.6,7 Similarly, 
the use of these oils should not be a threat to food produc-
tion, lubrication, and many other industrial applications. 
Unfortunately, this kind of biofuel cannot be used directly 
in aircraft engines as a substitute for jet fuel, for which high 
energy density and low-temperature are required and very 
important parameters apply. They are among key parameters 
that define the performance of a jet fuel. 
The energy density per unit volume for ethanol is not 
sufficient to run an aircraft because it is half of the total 
energy produced by a conventional jet fuel. However, 
the energy density per unit volume in biodiesel repre-
sents almost 80% of that contained in jet fuel.8 The major 
weakness of biodiesel is that, at lower temperatures, with 
an aircraft flying at higher altitudes, there will be fuel 
solidification taking place.8,9 This is due to the fact that 
the biodiesel freezing point is much higher than that of 
conventional jet fuel. Studies to find an appropriate flow 
improver will be needed for biodiesel.9 It is a stringent 
requirement for any aviation fuel to have a very low freez-
ing point to avoid disastrous consequences due to its 
solidification during flight. Biodiesel therefore cannot be a 
suitable fuel for aircraft.
Market expectations, current state of 
technology and requirements to produce 
algae bio-oil
It is essential to produce algae-based jet fuel with simi-
lar physico-chemical properties to conventional jet fuel; 
it has to be cost effective and sustainable and have low 
carbon emissions. A designing and simulating process 
including modeling and optimizing some parameters 
could be a key milestone in the production of sustainable 
jet fuel from microalgae oil. Many studies are currently 
under way but not many of their outputs are in the pub-
lic domain. The field of alternative aviation fuels, and 
more especially work on microalgae-derived jet fuels, is 
becoming particularly competitive. Demand and market 
expectations are very high with regard to compliance 
and costs. ‘Drop-in’ fuels are the most needed but they 
are not sustainable as yet; however, the blending of cur-
rent fossil fuels with algae-derived fuels is considered to 
be a sustainable option. Due to strong similarity between 
petroleum crude oil and algae bio-oil qualitatively and 
quantitatively (depending on the species/strain), it is 
possible to use a process that is similar to that used in 
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Designing and simulating a process for algae-based avia-
tion fuel should focus on developing a sustainable technol-
ogy. This technology must be developed over time so that 
its escalation will need few modifications for the fuel to 
be ready for use. The maturity of the technology will be a 
major characteristic that will reflect on its readiness. This 
comes after successful trials at laboratory and pilot scale. It 
is followed by implementation on a larger scale. 
The aim of this study is to establish a conceptual design 
and simulate the entire process by involving all the steps 
from cultivation to production of jet fuel using the Aspen 
HYSIS V8.8 package, which was the only version available 
for the study. The design can be used as a tool for a larger 
scale plant in the future once studies of the costs and 
economics have been completed. The strain used during 
experimental work to generate the biomass and the crude 
oil was Nannochloropsis sp., a marine species. The steps 
and operating conditions used in the laboratory constitute 
the basis for process design, as mentioned earlier. This 
approach aims to mimic a process close to that used for 
conventional jet fuel production. The specific aim in simu-
lating the process is to generate a microalgae-based jet fuel 
that can comply with stringent aviation regulations. This is 
to some extent possible because of the similarity between 
algae crude bio-oil and crude petroleum oil as mentioned 
before.10 Cost analysis is not the focus of this study; it 
can be addressed on its own in another study. It is a very 
interesting aspect of design but it needs to be undertaken 
after successful design and simulation. This study focuses 
on conceptual design and simulation based on data gener-
ated from a laboratory experiment. Future studies can be 
undertaken on a very detailed design involving equipment 
modeling and sensitivity analysis needed for all variables 
before undertaking cost studies. 
Overview of Nannochloropsis oil
Nannochloropsis sp. contains both eicosapentaenoic 
(EPA) and docosahexaenoic (DHA) acid oils. Its higher 
percentage of neutral lipids allows Nannochloropsis 
sp. to be an excellent candidate to produce alternative 
jet fuel needed for commercial and military aircrafts. 
Furthermore, the high quantity of EPA (20:5 ω3), reach-
ing up to 5% w/w of the biomass, enables Nannochloropsis 
sp. to be widely cultivated for food supplements and 
pharmaceuticals. Generally, if the biomass productiv-
ity is higher, there is a probability of generating a high 
EPA productivity rate.29,30 Nannochloropsis sp. is also 
recommended as a source of the lipid needed to produce 
biofuels because more than 60% of lipids can be achieved 
The need for effective conversion 
processes and overview of conversion 
processes
Algae-based fuels in general, and jet fuel in particular, 
require cost-effective processes or technologies that will, 
first, allow effective cultivation and harvesting of biomass, 
second, generate high output of crude oil, and finally, 
assist in optimizing conversion processes or technologies 
to produce compliant jet fuel.10,15 Process design and sim-
ulation, including optimization of parameters, is therefore 
very important to produce a compliant and cost-competi-
tive jet fuel, as mentioned earlier. The design of conversion 
processes should thus take into consideration operating 
conditions, energy consumption, the cost of additives, and 
the expectations of the aviation sector and the market.10 
Many approaches can be explored to convert microalgae 
oil into liquid fuels. Gasification of algae biomass using 
Fischer–Tropsch (F–T) synthesis is known to be a success-
ful process.16–20 However, gasification is energy-intensive 
because it requires higher temperatures to reach an adequate 
gasification stage. The F–T synthesis is also characterized 
by low selectivity for liquid fuels – especially for fractions 
in the range between C6 to C22; there are lighter fractions, 
such as methane and ethane, and there are middle and 
heavy fractions.21 Transesterification is another approach 
that can be used to convert microalgae oil into aviation fuel; 
this approach is known as the biodiesel route, although it is 
not energy intensive; however, it involves catalytic processes 
such as decarboxylation, deoxygenation, and isomeriza-
tion, which can be costly compared to the ones used for the 
production of conventional jet fuel.10,22–26 Hydroprocessing 
oil from microalgae can also generate a jet-fuel type using 
hydrogen as a catalyst during cracking.27,28 The hydrogen 
removes oxygen from algae crude bio-oil during the process. 
Despite the challenge related to low lipid content for many 
species, these processes are technically achievable. Another 
challenge is the costs related to the feasibility or economics 
of the processes. These costs are higher compared to those 
related to conventional jet-fuel production.
Process design and the aim of the study 
When designing an efficient process it is important to take 
into consideration the type of species, growth conditions, 
growth time, the rate of biomass production, and the pos-
sibility of producing a large amount of lipids. The current 
study based the process design on laboratory experiment. 
Most parameters for design were collected from the exper-
imental laboratory work. 
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Results and discussion 
Laboratory process for jet fuel 
production, methodology, operating 
conditions and results 
The laboratory experiment to obtain jet fuel from microalgae 
using Nannochloropsis sp. was completed in a study prior to 
the current one by Bwapwa et al. (2018).42 The experiment 
involves cultivation, harvesting (dewatering), oil extrac-
tion by solvent, cracking, and fractionation. Figure 1 sum-
marizes the laboratory process used to obtain jet fuel from 
microalgae biomass. Jet fuel produced from the laboratory 
experiment includes cultivation and all the conversion pro-
cesses mentioned earlier. The use of nutrients and CO2 is 
completed during cultivation followed by the physiological 
modification to increase the lipid content of the species after 
biomass harvesting. Conversion processes take place after 
biomass harvesting in order to produce jet fuel. The charac-
terization of jet fuel aiming to determine the level of compli-
ance regarding the production of jet fuel is also included in 
the study undertaken by Bwapwa et al.42 The experiment 
used to produce jet fuel was reproduced in the current study 
and the data obtained confirmed that most, but not all, phys-
ico-chemical parameters analyzed were in accordance with 
ASTM standards. This current study is a continuation of the 
laboratory-based experiment to develop a conceptual design 
for jet fuel production from microalgae species.
Cultivation was undertaken in a 2 L glass bottle pho-
tobioreactor. The cultivation environment was made of 
saline water representing the marine environment in which 
Nannochloropsis sp. can grow effectively. Nutrients and CO2 
after nitrogen starvation. These lipids are essentially tria-
cylglycerol (TAG) with saturated and monounsaturated 
fatty acids.31–33 The greatest advantage of Nannochloropsis 
sp. for high-quality biofuel production can be attributed 
to its high concentrations of EPA. The percentage of EPA 
and other fatty acids present in Nannochloropsis cells 
may influence the species growth conditions, and bio-
mass and lipid productivity. These parameters correlate 
strongly with the species’ EPA content. Some studies have 
reported that Nannochloropsis sp. major fatty acids are 
C 14:0, C16:0, C20:4ω6 and C 20:5ω5.34–36 They are short 
chains of fatty acids with a high percentage of satura-
tion and unsaturation and mono-unsaturation configu-
rations. Based on these facts, algae bio-oil in general 
and Nannochloropsis sp. bio-oil in particular can be a 
potential source for jet fuel production. Table 1 presents 
a brief composition of algae crude bio-oil compared to 
the petroleum crude oil. Analyzing the data in Table 1, it 
is obvious that there is no significant difference between 
the percentages of sulfur, oxygen, nitrogen, and carbon 
for both crudes. This confirms that there is a good pos-
sibility of generating jet fuel from algae oil as mentioned 
previously. 
Table 1. Comparison between algae crude oil and 
petroleum crude.





Figure 1. Detailed approach used to produce jet fuel from Nannochloropsis sp. in the 
laboratory (adapted from Bwapwa et al.42).
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fractionation at between 60 and 65 °C; chloroform was 
recovered first and this was followed by methanol. The 
distillate representing the jet fuel from microalgae oil was 
collected from 70 °C to an end point of 250 °C. Table 2 
presents the data recorded from the characterization of the 
algae-based jet fuel generated from the laboratory experi-
ment. The results were recorded in triplicate; they are pre-
sented with the average and standard deviations. 
Analysis of these data shows that most parameters are in 
accordance with the ASTM standards except the freezing 
point and specific gravity. However, these two parameters can 
be improved with the use of relevant additives or processes. 
Discussion of the data recorded in Table 2 
for the algae-based jet fuel
Net heat of combustion
Heating value, also known as net heat of combustion, repre-
sents the amount of energy that can be generated by a jet fuel 
in order to run an aircraft. It is a very important parameter 
required for all fuels including jet fuel. The data in Table 2 
has recorded a heating value or net heat of combustion of 
44 MJ kg−1 for algae-derived jet fuel, which is above the mini-
mum of 42.8 MJ kg−1 required by ASTM standard for jet fuel. 
Freezing point
The freezing point is another very important parameter 
regarding the performance of a jet fuel. It influences jet-fuel 
fluidity and pumpability at lower temperatures during the 
flight. At higher altitudes, where temperatures are much 
lower, the jet fuel will tend to crystallize. It is therefore impor-
tant to have a jet fuel with the lowest freezing point to avoid 
were supplied to the growing culture to sustain the growth 
during cultivation, as mentioned above. Carbon dioxide pro-
vides more carbon chains and allows the increase of lipids 
within the cells. It was added daily to a 2 L photobioreactor 
for the 15 days cultivation period. Its quantity represented 
5% of the total volume of the photobioreactor.42 F/2 media 
were used as a source of nutrients needed for the species 
growth. These media include nitrates, phosphates, and trace 
elements. The salinity concentration of saline water was 
30 ppt, representing the average salinity for seawater to facil-
itate the effective growth of the species. Magnetic stirring 
was implemented after adding 50 g of dry Nannochloropsis 
sp. biomass to the media. The culture was growing at room-
controlled temperature of 25 °C under continuous illumi-
nation of 1000 lux for 24 h. Growth was monitored using a 
Turner Designs spectrophotometer, Model #7200-000, San 
Jose, CA, with Optical Kit P/N 10-040R to record the opti-
cal density. This was achieved by measuring chlorophyll A 
non- acid daily, as the cells were multiplying very fast. These 
optical density values were the reflection of culture growth 
for which the highest value was recorded on day 10. After 
the tenth day it was observed that the optical density was 
decreasing perceptibly. This was the sign that, after the tenth 
day, cells were dying; no more cells were produced.
Harvesting was undertaken on the tenth day using a cen-
trifuge for biomass dewatering. The wet biomass in form of 
heavy slurry was subjected to a physiological modification 
to increase the lipid content. Physiological modification 
was achieved by the total deprivation of nutrients, which 
was undertaken in a separate environment after harvest-
ing biomass. This process aimed to stress microalgae 
cells by manipulating their physiology in a nutrient-free 
environment. This influenced the cells metabolism and 
boosted their lipid content as mentioned earlier. 
Thereafter, another separation using the centrifuge was 
undertaken to recover the biomass and use it for bio-oil 
extraction. From 2 L of culture, 1500 mL of algae on aver-
age was collected for several times during cultivation. 
An average of 900 mL of bio-oil mixed with solvent was 
recovered and the remaining 600 mL was made of wet bio-
mass. The bio-oil extraction was completed with a mixture 
of chloroform–methanol in 1/1 volume ratio. This was 
undertaken in beaker with magnetic stirring for 30 min.
Thermal cracking of bio-oil in a close glass container 
without a catalyst was undertaken in a furnace MSF 12/6, 
MRC , Ukraine at 300 °C for a duration of about 31 min 
with the following power characteristics: 220 V / 50 Hz, 
2700 W. After cracking, the bio-oil was fractionated using 
a distillation unit at a pressure of 1 bar. Mixed solvent 
made up of chloroform and methanol was recovered from 
Table 2. Characterization data for algae-based 
jet fuel produced from the laboratory process 
indicated in Fig. 1.
Parameter Algal-based 
jet fuel
ASTM D1655  
standards for jet fuel
Net heat of combustion  
(MJ kg−1)
44 ± 0.5 42.8 (minimum)
Freezing point (°C) −32 ± 4 −40 (maximum)
Flash point (°C) 68 ± 0.3 38 (minimum)
Final boiling point (°C) 250 ± 3 300 (maximum)
Kinematics viscosity  
@ −20 °C (cSt)
2.8 ± 0.2 8 (maximum)
Density @ 15 °C (g cm−3) 0.96 ± 0.1 0.775–0.840
Total acidity mg KOH g−1 0.05 ± 0.001 0.015 (maximum)
Total sulfur % 0.27 ± 0.02 0.3 (maximum)
Conductivity pS m−1 85 ± 0.6 50–450
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for jet fuel, as indicated in Table 2. This is probably due to the 
presence of acidic dissolved substances in the algae-derived 
jet fuel. High total acidity will make the jet fuel very corro-
sive to metals. To remedy this situation a corrosion inhibitor 
can be used as an additive. 
Total sulfur
Total sulfur was slightly lower than the maximum limit 
required by ASTM standards for jet fuel as indicated in 
Table 2, so there is compliance in this respect. The origin 
of sulfur in the jet fuel is linked to the type of the marine 
species used to produce the fuel. 
Conductivity
Conductivity represents the amount of dissolved substances 
present in the jet fuel. The dissolved substances may come 
from particulate matter that is not removed from the algae- 
derived jet fuel. The fuel needs more purification processes, 
such as rectification or membrane filtration, to keep the level 
of purity required for an aviation fuel. The data recorded 
in Table 2 show that conductivity complies with the limits 
required by ASTM standard. However, although it complies 
with the standard, there is a need to decrease it in order to 
reduce the acidity and density. An advanced filtration pro-
cess such as membrane filtration can assist in this regard. 
Approaches to design and simulation
A viable design process for algae-derived jet fuel must 
clearly emphasize carbon footprint reduction, costs, and 
environmentally related issues in order to compete with 
petroleum-based aviation fuels. In this study, the use of 
domestic wastewater or seawater for cultivation is suggested. 
The supply of CO2 wastes from fossil plants to the growing 
culture during cultivation period is also suggested. These 
are inexpensive wastes that can assist the cultivation process 
and reduce dependence on freshwater resources and manu-
factured nutrients. This design should be a simple process 
that can be improved when the quality of the final product 
needs to be enhanced as mentioned before. This happens 
when additives are used to improve physico-chemical prop-
erties such as freezing point and lubricity of the fuel. 
The simulation approach will assist in modeling the data 
recorded in the future to optimize parameters influenc-
ing the effective production of jet fuel from microalgae oil. 
The simulation work uses an Aspen HYSIS V8.8 package 
through which physicochemical properties of biomolecules 
and mixed compounds as well as reaction thermodynamics 
can be determined. After a successful running of the simu-
lation, a detailed report, including physicochemical and 
the solidification of the fuel at higher altitudes. An ice inhibi-
tor or anti-freezing ingredient can be added to ensure that jet 
fuel does not solidify. The result, reported in Table 2, shows 
that the freezing point of algae- derived jet fuel, which is 
−32 °C, is higher than the value of −40 °C required by ASTM. 
In this case, the use of an ice inhibitor or  anti-freezing addi-
tive is therefore recommended to improve the freezing-point 
algae-derived jet fuel. 
Flash point
The flash point relates to jet fuel volatility. This can have an 
impact on combustibility and flammability. It is the main 
parameter related to fire safety associated with jet-fuel 
handling at various temperatures. The data reported in 
Table 2 indicate a very high flash point for algae- derived 
jet fuel. This is an indication that the algae- derived fuel 
presents lower risks of flammability at lower temperatures 
and can be handled safely in hot environments. 
Final Boiling point for distillation
The final boiling point recorded in Table 2 is 250 °C. A 
maximum of 300 °C is prescribed by the ASTM standard 
for jet fuel. This implies that all hydrocarbon fractions 
needed for jet fuel can be collected at 250 °C, reducing the 
energy demands for the fractionation process. 
Kinematic viscosity
Viscosity affects the fuel’s fluidity and also, to a larger 
extent, the fuel’s pumpability over an operating tem-
perature range. The ASTM maximum limit for viscos-
ity at −20 °C is 8 cSt. In this study, algae-derived jet fuel 
recorded a value of 2.8 cSt for viscosity at −20 °C, as indi-
cated in Table 2. This parameter complies with the ASTM 
standard regarding kinematic viscosity. 
Density
Density relates to volatility and specific energy. The recorded 
density at 15 °C for the algae-derived jet fuel is equal to 
0.96 g cm−3 and it is found beyond the range provided by 
the ASTM standard for jet fuel, as indicated in Table 2. This 
could be due to the presence of dissolved particulate matter 
in the algae-derived jet fuel. The cleanness of the algae jet fuel 
could be the cause of this situation. It is possible to remedy 
this situation by using reforming and upgrading processes.
Total acidity
The total acidity of algae-derived jet fuel was found to be 
higher than the maximum value required by ASTM standard 
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• Physiological modification: Simulated in highly purified 
water at ambient temperature for 3 days to help increase 
the lipid content to 80%. Two phases: liquid and solid.
• Oil extraction: Achieved by evaporation, the evapora-
tion temperature should be between 60 and 70 °C to 
remove all the solvent. Two phases: solid (wet biomass) 
and liquid (bio-oil and solvent). 
• Bio-oil storage: This is done in a collecting tank at ambient 
temperature and atmospheric pressure. One phase (liquid).
• Hydrocracking temperature, time and pressure: The 
simulated cracking temperature was 300 °C with a pres-
sure of 1 bar for a duration of 30 min. This is almost the 
same with the data from the GC/MS obtained during 
the laboratory experiment. One phase (liquid).
• Distillation or fractionation: Begins at 70 °C and ends 
at 300 °C under a pressure of 1 bar for 90% recovery. 
One phase (liquid).
• Partial evaporation: Between 50 and 70 °C at atmos-
pheric pressure, light vapor or liquid phase will be 
collected at the outlet of the flash vessel. It will be con-
sidered as a waste. Two phases (liquid and vapor). 
• Reforming: Low pressure of 5 bars was chosen to allow 
partial dehydrogenation. The simulated temperature 
for reforming was 250 °C to allow the light end’s distil-
late fractions to be amalgamated into high-end distil-
late fractions. One phase (liquid).
• Upgrading: involving hydrocracking, product and 
by-product separations such as H2. CO2 and water. 
The main variables for this process are hydrocracking 
temperature, simulated at 350 °C, low pressure of 1 bar, 
column operation parameters, and the bypass ratio. 
This ratio is defined as bypassed light ends hydrocar-
bons / total hydrotreated crude bio-oil. The simulated 
amount of hydrogen for the process is 5–10% of the 
total volume of the reactor. One phase (liquid).
Process flow design
Figure 2 is the flow chart of the simulated process devel-
oped in the current study. Only essential details of the pro-
cess design and various steps are summarized in Table 3 
(the ‘Process details’ section). This process flow chart is 
developed from the work completed in the laboratory, 
 presented in Fig. 1. Most simulation results are based on 
the data generated from the laboratory work presented 
earlier. The main reason for the use of reported experi-
mental conditions in the laboratory is that these conditions 
have successfully allowed jet fuel to be produced with the 
 majority of parameters being compliant with ASTM stand-
ards. An attempt to optimize some key parameters was 
thermodynamic parameters, was generated. This report 
compiled all aspects related to mass and energy balance, 
entropy and enthalpy of reactions involved in the combina-
tion of many compounds, pressure and temperature at each 
step or unit process, mole flow, density, reaction kinetics, 
available equilibria phases, molar concentrations, molecu-
lar weight of compounds, and raw materials. To obtain 
these parameters, there are basic parameters that need 
to be supplied to the simulation engine. In this study, the 
basic parameters were supplied to the simulation engine 
from the data generated from the laboratory experiment.
The report is easily generated by the software package 
because it includes chemical component libraries, ther-
modynamic method libraries, unit operation modules, the 
thermodynamic data manager (TDM), and a programmer.
In this case few assumptions were considered. Firstly, not 
all of the operation units in process design can be found 
in the Aspen HYSIS V8.8 operation unit libraries. Creative 
adjustments and simulation process combinations must 
therefore be used to mimic some of the design processes. 
Secondly, algal nutrients can be represented by CO2, 
HNO3 and H3PO4, which contain the most important ele-
ments such as N and P for microalgae cultivation. Thirdly, 
the feed serving of 1500 kg h−1 of oil was used as a basis to 
feed the hydrocracker after cultivation, and a conversion 
rate of 85% was chosen for the entire process. The design 
and simulation approaches were also based on the large 
amount of information collected in studies undertaken 
by Eloka-Eboka et al.43 and Onunka et al.44 In both stud-
ies the focus was on the process planning and develop-
ment, criteria / concept selection, and optimization of 
parameters with required characterizations converted into 
measurable characteristics for the design of an efficient, 
operable and sustainable plant using microalgal oil. It was 
also found that a practical alternative source of energy 
is conceivable to reduce reliance on fossil-based energy. 
Some of the elements from these studies were very relevant 
to the conceptual design of the current study.
Summary data for simulation
• Cultivation temperature: The simulated temperature was 
between 20 and 30 °C for 15 days under photosynthetic 
conditions; the highest amount of biomass is collected on 
the tenth day; two phases: liquid and solid (wet biomass).
• Macroalgae harvesting: Simulated at ambient tempera-
ture and atmospheric pressure in sedimentation tank. 
Coagulants and flocculants can be used in this regard 
to speed up the process. Two phases: liquid and solid 
(wet biomass).
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20 : 1. The temperature range varies between 60 and 70 °C 
to remove methanol and chloroform. As bio-oil recovery 
is achieved by solvent extraction and evaporation it was 
necessary to optimize the solvent extraction temperature at 
65 °C to assist in the removal of methanol and chloroform. 
The maximum distillation temperature was optimized 
at 300 °C to be able to recover as much as middle carbon 
fractions needed in the jet fuel.
The data from the laboratory complied with ASTM 
standards, except for density and freezing point, which 
can be corrected through upgrading, reforming, and the 
use of additives. Properties of the jet fuel obtained under 
the optimized operation conditions are therefore expected 
to comply with ASTM specifications. This supports the 
hypothesis that it is technically feasible to begin with 
microalgae cultivation, produce bio- oil followed by jet 
fuel production, and finally reform and upgrade it. 
Overall material balance 
The overall mass balance is summarized in Table 4. This is 
generated by Aspen HYSIS V8.8 after running the simu-
lation. It involves the inputs and the outputs from the 
beginning of the process to the end. It also indicates the 
phases and flow throughout the entire process. Analysis 
of Table 4 indicates that all parameters have converged. 
This is an indication that the simulation ran successfully. 
undertaken aiming to enhance the performance and qual-
ity of the jet fuel compared with ASTM standards. 
Process details
The main details regarding the flow chart of the opera-
tions are summarized in Table 3. The table explains in 
details how unit processes are structured. These processes 
are presented in the order in which they take place, from 
the cultivation of microalgae to the production of jet fuel. 
Optimization attempt for some 
parameters 
Optimization targeted conversion and separation processes 
such as cracking, distillation, reforming, and upgrading 
because they have a great impact on the final product qual-
ity and performance. The optimizer featured in Aspen 
HYSIS V8.8 was implemented to maximize the produc-
tion of the bio-jet fuel, while varying the bypass ratio from 
5% to 95%, varying cracking, reforming and upgrading 
temperatures between 200 and 400 °C, which is consist-
ent with literature specifications for realistic reaction rates 
and cracking efficiency, while minimizing coke formation. 
The optimizer predicts an optimal product when using a 
bypass ratio of 7%, a cracker temperature of 300 °C, which 
is the same as the one obtained from GC/MS during the 
laboratory experiment, and bottom to overhead ratio of 
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Table 3. Details and discussion of the process design.
Process (from 
microalgae culti-
vation to jet fuel
Unit name/
code on the 
flow chart 
Process aim Flow of operations and simulation conditions 
Microalgae 
cultivation
CULTTANK Cultivation and  
biomass production
Cultivation of biomass is the first step of the entire process. It takes place 
between 20 and 30 °C. This is the simulated temperature range for a photo-
bioreactor or open pond with culture growing under solar light. The biomass 
enters the plant via stream 1 in the cultivation tank modelled with one inlet 
and one outlet. Practically, nutrients such as CO2, Nitrates and phosphates 
will be supplied to the growing culture via stream 1. Domestic wastewater 
or seawater can be used as a growing media. This means that a wastewater 
treatment plant (also suggested by Roberts et al.37 and Max et al.14) can 
serve as a cultivation option. Alternatively, a farming algae facility on the sea 
can be also considered for the same application especially for marine spe-
cies such as Nannochloropsis sp. 
This can be a prospective option to be studied in detail. 
Microalgae 
harvesting
→ Collection of biomass 
needed (harvesting) for 
downstream processes
This step can be achieved at ambient temperature and atmospheric pressure. 
Harvesting will take place in a sedimentation tank modeled with one inlet and 
two outlets. The biomass generated from the cultivation step should be pumped 
to the sedimentation tank via stream 8. The use of flocculants or other fast and 
effective harvesting options can be undertaken to speed up the process. The 
design is flexible in this regard. Physiological modification can take place in the 
sedimentation tank after harvesting microalgae. After dewatering the biomass, 
the volume of the wet biomass can be subjected to the stressing process to 
manipulate and modify the cells physiology. This is achieved through nutrient 
starvation as mentioned in the laboratory experiment. The simulation used bio-
mass that is deprived with all nutrients for a period of 3 days as in the laboratory 
experiment. This will bring a change in cell metabolism, causing an increase in 
the lipid content. The cells are being stressed by keeping them in harsh condi-
tions. An increase in lipid content of 80% can therefore be expected. This is 




→ -To boost lipid 
content of algae 
cells (Physiological 
manipulation)
Bio-oil extraction EXTRACT Extraction of algae bio-
oil needed for conver-
sion into jet fuel
Extraction of bio-oil is completed on wet biomass after cells physiological modi-
fication. It uses a mixture of solvent made up of chloroform and methanol in 1/1 
volume ratio as undertaken during the laboratory experiment. This unit, modeled 
with one inlet and one outlet, should have a boiling system for solvent evapora-
tion at temperatures depending on the solvent used, in this case the temperature 
was between 60 and 70 °C. From the harvesting process, the wet biomass is 
pumped to the extraction unit via stream 12. The solvent is recycled back into 
the unit via stream 15. Stream 18 is used for the removal of wet biomass sludge. 
Once the biomass sludge is removed via stream 18, the solvent is taken out via 
stream 15. A condenser will be needed on stream 15 to liquefy the solvent vapor. 
Therefore, once the wet biomass and solvent are taken out of the EXTRACT bio-
oil can be collected into the oil tank via stream 14
Bio-Oil storage OILTANK Storage of algae bio-oil 
after extraction. This is 
done to supply the plant 
continuously with the 
crude oil needed for con-
version processes.
Simulated in such a way that algae bio-oil should be stored in a tank mod-
eled with one outlet and one inlet operating at ambient temperature before it 
is pumped to conversion processes. The storage time depends on how long 
the conversion operations can last.
Hydrocracking CRACKER Breaking down of larger 
hydrocarbon chains. 
Algae bio-oil is pumped to the cracking unit via stream 2, the simulated 
cracking temperature has to vary between 200 and 400 °C. This is con-
sistent with the specifications from the literature for effective cracking and 
minimizing coke formation.24,45,46 The upgrading unit supplies hydrogen 
to the cracking unit via stream 19 to act as a catalyst during cracking. The 
CO2 generated from this step can practically be channeled to the cultiva-
tion tank to be used as nutrients via stream 1. The cracking unit has one 
inlet and one outlet.
© 2018 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. (2018); DOI: 10.1002/bbb





vation to jet fuel
Unit name/
code on the 
flow chart 
Process aim Flow of operations and simulation conditions 
Distillation 
(fractionation)
FRACTION Separation / fractiona-
tion of light, middle, 
and heavy fractions of 
hydrocarbon broken 
chains 
The cracked algae bio-oil is pumped to the fractionation unit via pipe 3. 
Simulated distillation takes place from 70 to 300 °C at a pressure of 1 bar. 
Stream 10 will collect the light end distillates and will send them to the reform-
ing unit. The jet fuel made of middle end distillates will be collected via stream 
11. This will happen up to a maximum temperature of 300 °C, considered as 
the end point for middle-end distillates. Heavy-end distillate fractions will be 
collected at temperatures beyond 300 °C and sent to the reactor for upgrading. 
The distillation equipment is modeled using resources found in the package.
Partial 
evaporation
FLVS Recovery of light-end 
liquid distillates to be 
sent for reforming. 
Light-end distillates and a small fraction of middle-end distillates will get out of 
the distillation unit in a mixed liquid-vapor phase between 50 and 70 °C. This 
mixture is channeled to the flash vessel via stream 21. The pressure within the 
flash vessel is 1 bar. From this flash vessel a liquid phase will be collected at the 
bottom via stream 22 and very light vapor or liquid phase will be released via 
stream 23. The liquid phase from the flash vessel will also be sent to the reform-
ing unit. In practice this means that stream 22 will be connected to the reforming 
unit. The flash vessel is modeled with one inlet and two outlets. 
Reforming REFORMER Partial dehydrogenation 
and Converting light-end 
distillate fractions into 
high-end distillate frac-
tions, which are middle- 
and heavy-end distillates. 
From the reforming unit, all liquid phases either from the fractionation unit or flash 
vessel coming respectively from streams 10 and 22 will be pumped to the reac-
tor or upgrading unit via stream 9, this stream will be made of hydrogen from the 
dehydrogenation as well as high-end distillate compounds as mentioned earlier. 
The equipment was modeled according to the resources available in the package 
with one inlet and one outlet. 
Upgrading REACTOR Hydrocracking of 
reformed hydrocar-
bons. These hydrocar-
bons are sent to the 
fractionation unit for 
separation. This unit is 
also supplied by steam 
allowing the produc-
tion of H2, which is 
sent to the cracker for 
hydrocracking
Upgrading is a catalytic process that will produce another cracked bio-oil to be 
fractionated again. This process improves the quality of a material by using chemi-
cal reactions to remove any compounds present in trace amounts that make the 
fuel quality undesired. The bio-oil will be sent to the fractionation unit via stream 
17. This means this stream will practically be connected to the fractionation unit. 
The hydrogen from the reformer might be insufficient because depending on the 
volume of distillates generated by the reforming unit. The upgrading unit will there-
fore be supplied with more hydrogen via stream 16 to act as catalyst in order to 
speed up the upgrading process. This hydrogen is needed for the effective reduc-
tion of oxygen content from algae oil. Excess oxygen in the fuel can have a good 
influence on the fuel combustion but it causes nitrogen oxide (NOx) emissions due 
to increased combustion temperature and extra oxygen47
The remaining hydrogen in the unit will be channeled to the cracking unit as 
catalyst via stream 19 as mentioned earlier after upgrading process is com-
pletely done. Two inlets and two outlets were used for this type of equipment.
The convergence is revealed by the presence of zero values 
recorded at the bottom of the table for each stream. 
Conclusions 
This study has focused on the following aspects: 
1. Developing the process to produce microalgae-derived 
jet fuel at laboratory scale. 
2. The adaptability of Aspen HYSIS V8.8 to simulate the 
unit processes based on the data gathered from the labo-
ratory steps. 
The following are the outcomes: 
• The unit processes are described as follows: Biomass cul-
tivation, biomass harvesting, physiological modification, 
bio-oil extraction, hydrocracking, fractionation, reform-
ing, and upgrading. The average cracking temperature in 
the laboratory experiment is 350 °C; the working pressure 
for distillation is 1 bar. The same pressure is recorded 
for the flash vessel collecting some middle-end fractions 
mixed with the vapor phase. The solvent used is a mixture 
of chloroform and methanol in a 1/1 ratio. The overall 
conversion rate is 85%. The data from the laboratory was 
© 2018 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. (2018); DOI: 10.1002/bbb 11
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8. NREL (National Renewable Energy Laboratory), A Look Back 
at the US Department of Energy’s Aquatic Species Program: 
Biodiesel from Algae Close-Out Report[Online]. http://www.
eere.energy.gov/biomass/pdfs/biodiesel_from_algae.pdfN-
REL/FS-840-40352 Report edited in July 2006 [1 July 2017].
9. Lian X, Xue Y, Xu G, Zhao Z, Sheng H and Lin H, Effect of 
methyl acetoacetate as a potential cold flow improver for bio-
diesel. Energy Sources, Part A 39(1):97–102 (2017). 
10. Bwapwa JK, Anandraj A and Trois C, Possibilities for conver-
sion of microalgae oil into aviation fuel: A review, Renewable 
Sustainable Energy Rev 80:1345–1354 (2017).
11. Chisti Y, Biodiesel from microalgae. Biotechnol Adv 25(3):294–
306 (2007).
12. Daelman MRJ, Sorokin D, Kruse O, van Loosdrecht MCM and 
Strous M, Haloalkaline bioconversions for methane produc-
tion from microalgae grown on sunlight. Trends Biotechnol 
34(6):450–457 (2016).
13. Slade R and Bauen A, Micro-algae cultivation for biofuels: 
cost, energy balance, environmental impacts and future pros-
pects. Biomass Bioenergy 53:29–38 (2013).
14. Ma X, Zhou W, Fu Z, Cheng Y, Min M, Liu Y et al, Effect of 
wastewater-borne bacteria on algal growth and nutrients 
removal in wastewater-based algae cultivation system. 
Bioresour Technol 167:8–13 (2014).
15. Wang HY, Bluck D and Van Wie BJ, Conversion of microalgae 
to jet fuel: Process design and simulation. Bioresour Technol 
167:349–357 (2014).
16. Fiori L, Valbusa M and Castello D, Supercritical water gasifica-
tion of biomass for H2 production: Process design. Bioresour 
Technol 121:139–147 (2012).
17. Guan Q, Savage PE and Wei C, Gasification of alga 
Nannochloropsis sp. in supercritical water. J Supercrit Fluids 
61:139–145 (2012). 
18. Miller A, Hendry D, Wilkinson N, Venkitasamy C and Jacoby 
W, Exploration of the gasification of Spirulina algae in super-
critical water. Bioresour Technol 119:41–47 (2012). 
19. Bond JQ, Upadhye AA, Olcay H, Tompsett GA, Jae J, Xing 
R et al, Production of renewable jet fuel range alkanes and 
commodity chemicals from integrated catalytic processing of 
biomass. Energy Environ Sci 7(4):1500–1523 (2014). 
20. Ail SS and Dasappa S, Biomass to liquid transportation fuel via 
Fischer Tropsch synthesis – technology review and current sce-
nario. Renewable Sustainable Energy Rev 58:267–286 (2016).
21. Zhang Q, Cheng K, Kang J, Deng W and Wang Y, Fischer–
Tropsch catalysts for the production of hydrocarbon fuels with 
high selectivity. ChemSusChem 7(5):1251–1264 (2014).
22. Gunawardena DA and Fernando SD, Methods and applica-
tions of deoxygenation for the conversion of biomass to petro-
chemical products in Biomass Now-Cultivation and Utilization, 
ed. by Miodrag DM. IntechOpen, Book chapter, London, 
United Kingdom. [Online]. Available : https://www.intechopen.
com/books/biomass-now-cultivation-and-utilization/methods-
and-applications-of-deoxygenation-for-the-conversion-of-
biomass-to-petrochemical-products [15 July 2017].
23. Biller P, Sharma BK, Kunwar B and Ross AB, Hydroprocessing 
of bio-crude from continuous hydrothermal liquefaction of 
microalgae. Fuel 159:197–205 (2015).
24. Wang HL, Yan SL, Salley SO and Ng KYS, Hydrocarbon fuels 
production from hydrocracking of soybean oil using transition 
metal carbides and nitrides supported on ZSM-5. Ind Eng 
Chem Res 51:10066–10073 (2012).
used to simulate the process including some modifica-
tions to run the simulation successfully. The optimization 
of temperature values for various processes was also com-
pleted to enable the simulation and process design. 
• Domestic wastewater plants or farming facilities using 
seawater for marine species can be used to provide a cul-
tivation medium to take advantage of nutrients present 
in both domestic wastewater and seawater. This will also 
reduce the use of freshwater resources. Carbon dioxide 
from fossil sources can also be collected and used as a 
nutrient for microalgae during cultivation. 
• Physiological modification is a very important aspect for 
algae-based fuels and needs to be incorporated in the process 
to increase the species’ lipid content. The growth medium 
can be either open ponds or a photobioreactor, depending on 
the available possibilities and the environmental conditions. 
Future studies should work on the detailed design and 
optimization of a sustainable process plant to be used at the 
commercial level, including details of modeled equipment. 
They should also focus on sensitivity analysis, costs, and eco-
nomic aspects related to the conversion processes, life-cycle 
assessment and fuel sustainability, blending with other fuels, 
detailed thermodynamics studies, and modeling of parame-
ters involving effectiveness of some unit processes and costs. 
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Domestic wastewater can contain numerous toxic substances making it a public health hazard. 
Recycling wastewater with the possibility of reuse can be considered as a viable option. 
Various ways of remediation are being used to solve the issue of water pollution. The current 
review analyses the possibility to use microalgae for wastewater treatment followed by the 
conversion of biomass into aviation fuel. It is well known that conventional wastewater 
treatment plants are energy demanding and pollutants removal processes are not always cost 
effective. Furthermore, sludge management is another issue that requires sustainable solution 
to reduce its environmental footprint. Algae biotechnology can be an option that can be used 
to overcome these challenges. Microalgae species such as chlorella, nannochloropsis, Euglena, 
Oscillatoria, Chlamydomonas, Scenedesmus, Chlorella, Nitzschia, Navicula and 
Stigeoclonium   have the ability to accumulate contaminants/pollutants, therefore, reducing the 
pollutants/contaminants load from wastewater.  Removal efficiency can reach up to more than 
90% for organic substances, nitrates, phosphates and heavy metals. Microalgae species supply 
also oxygen to aerobic microorganisms. This can reduce the costs related to oxygen supply in 
a conventional plant. Once clean effluent is generated, algae biomass is harvested and used for 
bio-jet fuel production. The biomass is processed to produce crude bio-oil which has similar 
physical properties compared to the petrochemical crude oil. Algae bio-oil can be processed 
via transesterification, thermal cracking or pyrolysis and fractionation including reforming and 
upgrading processes to produce renewable jet fuel. This fuel is expected to have the same 
physico-chemical properties compared to conventional jet fuel. It is environmentally friendly 
due to its low carbon footprint. However, the major challenge with algae-based fuels is the low 
lipids content for many species and the costly biomass harvesting process 
Keywords: wastewater; nutrients removal, microalgae; Jet biofuel; conversion processes; 
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1. INTRODUCTION  
1.1 Energy demand and Biofuels  
The world demand for energy is increasing every year and the interest for alternative fuels more 
especially biofuels including biodiesel, bio-Jet fuel, bioethanol and biohydrogen has grown 
very fast. However, petroleum derived fuels are still remaining as the leading and sustainable 
source of energy. According to International Energy Agency (IEA), the world uses over 85 
million barrels of petroleum per day, also, the global primary energy demand is growing at a 
rate of 1.6% per year.  Predictions from various models indicate that the primary and global 
energy demand will double over the next 40 years.  In addition, the IEA estimates that there is 
a strong need to introduce low carbon fuels into the global energy pool in order to stabilize 
atmospheric CO2levels. As the focus on environmental protection is increasingly dominant and 
the volatility of oil prices is an undeniable reality, many countries are considering the use of 
renewable energy more especially biofuels as backup plan to any eventual energy crisis that 
could take place in the near future.  
It is well known that many countries are relying on fossil fuels in the transportation sector. 
Unluckily, fossil-based fuels despite their competitive costs compared to biofuels are 
considered as the most polluting with high volumes of greenhouse emissions released daily in 
the atmosphere. These emissions are the main cause of global warming and climate change. 
Hence, the consequences linked to climate change and global warming are immeasurable in 
today’s environmental context. A need for reliable source of energy to generate less carbon is 
needed in order to remediate to the current environmental challenges.   Biofuels generate low 
carbon emissions below the environmental standards and they could be considered as an 
appropriate alternative in the near future despite some of the weaknesses.   
They are also expected to be sustainable and have the same level of performance than fossil 
fuels.  In some cases, they are used entirely in engines or are blended with their petroleum 
counterparts. This last option has presented many advantages economically and technically.  
1.2 Necessity of using biofuels in the current context  
 The global increasing demand for energy is a major challenge today that requires effective 
solution because various factors such as the level of industrialization, the rapid increase of the 
population and the lifestyle have an impact on energy consumption. Furthermore, the limited 
reserves of fossil fuels constitute a cause for concern regarding the availability of energy 
sources in the near future. A need for innovation to secure a better future for   transportation 
fuels and energy production particularly is very vital. Therefore, emerging technologies and 
continued innovation hold the promise of real solutions through a combination of energy 
efficiency and renewable energy such as biofuels (Larkum et al.,2012; Tabatabaei et al., 2015).  
There is a need for solutions that can defy the current definition of energy sources and the way 
energy should be utilized or deployed. In recent years wind, solar and hydrogen energy have 
been developed, these energy forms are not practical in meeting energy and transportation 
needs due to size, scale, and costs application. However, biofuels such as bioethanol, 
biohydrogen, and biodiesel, bio-jet fuel from sources that will not cause inflation of food crisis 
and reduce environmental problems are currently the most regarded alternatives (Mata et al., 
2010).  There has been a real progress regarding development stages of biofuels in order to 
improve their effectiveness and sustainability. Biofuels have moved from first to the fourth 
generation with different improvement and advancement aspects introduced from one 
generation to another one.   
1.3 Different generations of biofuels  
The first generation biofuels were generated from food crops by extracting the lipids or oil 
from seed rape. Thereafter a transesterification reaction was undertaken to produce biodiesel. 
From biodiesel there is a possibility to produce other biofuels via conversion process such as 
cracking, decarboxylation, pyrolysis and Isomerisation. For instance, the production of 
bioethanol was achieved via fermentation using crops such as wheat or sugar as feedstock. 
These biofuels have encountered some challenges but the most contentious problem is the 
threat to the food security. The conflict between food versus fuel was raising. First generation 
of biofuels has caused the diversion of food crops from the global food market toward fuel 
market causing price increases for the raw materials used to generate biofuels which are the 
same used in the food market (Naqvi and Yan,2015; Naik et al., 2010; Mohr and Raman, 2013; 
Lee and Lavoie, 2013; Dutta et al.,2014) 
The second generation of biofuels was initiated with the aim to overcome some limitations 
encountered from the first-generation biofuels. Non-food crops were chosen to produce 
biofuels using feedstocks such as wood, food crop wastes or used edible oil and biomass in 
order to eradicate completely the main the use of food crops. Second generation of biofuels are 
being cost competitive compared to existing petroleum-based fuels. It has been shown from 
life cycle assessment that the net energy gains will be increased. This is another aspect that 
allows to overcome one of the main limitations from the first generation. Second generation of 
biofuels use mostly biomass from agriculture residues, or non-crop plants such as switch grasss. 
The use of these biomasses will help to reduce the pressure on the global food supply. 
Additionally, they require small amount of space, can generate higher biofuel yields compared 
to the first-generation feedstocks and they can be cultivated on lower quality lands. However, 
the current data related to the economics of second generation biofuels shows that large-scale 
commercial production will not be economically viable until significant technological 
advances are developed.  Technological advances will require the investment of time and 
money in order to use these biofuels.  Consequently, second generation biofuels are not likely 
to play an important role to supply fuels in the short and medium term, unless specific 
improvement and ground-breaking technologies are developed (Naik et al., 2010; Schenk et 
al.,2008; Damartzis and Zabaniotou, 2011; Lee and Lavoie, 2013; Dutta et al.,2014). 
The third generation of biofuels have aimed to improve the production of biomass. In this 
category, specially engineered organisms or crops with considerable energy content such as 
microalgae are highly explored. Algae biomass are cultivated at lower costs and its energy 
content is very high with the capacity to be renewable in very short periods of time. Therefore, 
less strain on freshwater resources for algae growth (Dragone et al., 2010; Carere et al., 2008; 
Lee and Lavoie, 2013; Dutta et al.,2014) 
The fourth-generation biofuels focused more on production of highly clean source of energy 
such as biohydrogen from biomass or feedstocks such as microalgae and organic wastes. Also, 
the aim is not only to produce sustainable energy but to find ways to capture and store carbon 
dioxide. This carbon dioxide will be used to feed the biomass in order to convert it into 
sustainable fuel.  The sequestration of carbon dioxide is part of the process and there are many 
ways to store carbon dioxide. It can also be stored in gas fields or saline aquifers. The carbon 
capture can become negative than neutral. In this case more carbon is locked than emitted 
therefore less carbon emission will be recorded. (Demirbas, 2009; Dutta et al.,2014; Aro ,2016) 
1.4 Algae biotechnology and biofuels  
Future prospects involve the third and fourth generation of biofuels which are focusing on the 
identification   of   feedstocks with very high lipid content and the use of innovative ways to 
extract oil and produce low costs, low carbon emission and sustainable fuels. Algae 
biotechnology is a highly explored option and could be one of the foremost players in the 
renewable energy market for biofuels such as biodiesel, biohydrogen, bioethanol and bio-Jet 
fuel. Though algae biofuels present few challenges such as high costs for harvesting drying and 
downstream processes, algae require fewer inputs, it is the very fastest growing biomass and 
can be grown anywhere, there is no strain on food products, therefore, solving some challenges 
recorded from the two first fuel generations. The main benefit of using algae-based biofuels 
compared to other biofuels is that algae do not compete with agricultural or limited resources 
such as freshwater resources and land. Algae have the potential to reduce greenhouse gas 
(GHG) effects and recycle CO2 emissions from power plant and natural gas operations. This is 
a very important fact because the growth of algae depends not only on nutrients but also on 
carbon dioxide. Therefore, power plants can reduce sensibly their CO2 emissions in the 
atmosphere by supplying CO2 to algae producers. Consequently, algae processing plants will 
not only produce fuels but will also reduce the effects of climate change.  The main objective 
for algae biofuel production especially algae-based Jet fuel is to get drop-in-fuels complying 
with standards and ready to be commercialized. It is evident that the global consumption of 
bioenergy will continue to increase under the influence of the present renewable energy and 
climate change policies (Wilhelm and Jakob, 2011; Scott et al., 2010; Huang et al., 2010) 
The World Energy Council has indicated that biofuels will meet 30% of the whole world's 
energy demand by 2050. This shows that there is huge potential for biofuels in general and Jet 
biofuel particularly to be used as a renewable alternative to fossil fuels. However, more 
innovative ways are needed to improve the production processes, to identify the most 
promising feedstocks that can generated more lipids or to develop methods to stimulate the 
increase of lipids from the various feedstocks. More emphasis can be put on the third and fourth 
generation biofuels because they are not competing with the food industry and they can 
generate low carbon fuels. The economics of these fuels need to be improved by using 
optimized processes and low costs feedstocks. This chapter is only focusing on biotechnology 
aspects and conversion processes needed to produce Jet biofuel from microalgae.  
Details on the economics of the conversion processes from microalgae to jet fuel can be 
undertaken in specific studies.    
1.5 Rationale of this review  
The rationale behind this review is to show if both   treatment of domestic sewage assisted by 
microalgae can generate biomass and lipid essential for jet fuel production.  Two streams can 
be generated: the treated effluent to be reused for other applications and the crude bio-oil from 
the biomass to be used for jet fuel production. There are challenges to be addressed in order to 
get a sustainable bio-jet fuel from microalgae.  
2.  APPROACH TO PRODUCE MICROALGAE JET FUEL AND 
PROBLEMATIC OF FEASIBILITY 
It is important to stress on the fact that the literature on algae-based fuels particularly algae- 
based jet fuel is very scarce. Although many studies have been undertaken in this specific field 
but most of the valuable information involving major ground-breaking findings is not in the 
public domain.  Technological improvement is a critical and major step required to produce a 
competitive algae-based jet fuel being on a market currently dominated by 
petroleum/conventional jet fuel. The probable approach will be to duplicate and adapt the same 
technology used to produce conventional jet fuel from crude oil to    produce   algae-based jet 
fuel from algae crude bio-oil. This approach will require process modelling and optimisation 
to produce a drop-in-jet fuel. The demand for jet fuels is very high and will always increase 
because of the market dynamic reflected by consumption of jet fuel. This consumption is 
expressed in volume of jet fuel needed on a daily/monthly/ yearly basis by civil and military 
aviation.  The economics of producing algae-based jet fuel is currently still not costs 
competitive compared to the economics of producing conventional jet fuel.   
On-going research seeks to improve technologies to enable the production of algae-based jet 
fuel to commercial level. Many projects on jet biofuel from microalgae are undertaken 
currently on laboratory and pilot scales but still they are not yet implemented at commercial 
scales. Therefore, the challenging concern focuses on developing costs effective conversion 
processes   and increase algae lipids content as mentioned earlier.  
Globally, energy production is amongst key factors that are essential to economic and industrial 
development. However, the production of fossil fuels through traditional petrochemical 
processes is seen as the major cause of environmental pollution and climate change effects as 
mentioned earlier. Furthermore, reserves of world fossil fuels resources are very limited and 
may lead to scarcity in the near future. To reduce dependence on fossil fuels, the production of 
cost effective biofuels can be considered as one of the options to be explored. The aviation 
sector is facing challenges involving costs fluctuations and environmental issues related to the 
use of fossil fuels. These challenges can have an impact on the viability of many businesses. 
Algal based fuels present many advantages that can be beneficial to the aviation industry. 
However, to get algal based jet fuel to the level of competing with the current fossil-based jet 
fuel will require many complex problems and adjustments in terms of cost effectiveness and 
sustainability.  
3. CURRENT CONTEXT FOR JET FUEL PRODUCTION AND 
CONSUMPTION  
Currently, the aviation accounts for 2% of the world global CO2 emissions. It is anticipated 
that the global demand for aviation transportation will continue to increase up to mid-term of 
2030 (Blakey et al., 2010). Consequently, the environmental impact of aviation regarding the 
GHG emissions is likely to increase. Furthermore, it was reported that a continued increase in 
demand will take place in the early 2000’s and will range between 3.5 and 5% in passenger km 
flown (Wickrama,2001; Blakey et al., 2010). Also, other studies since the 2009 economic 
downturn including the current stagnation of demand, have suggested that the demand will 
recover to the previous rate once the economic climate has improved from 2010 (Rosenfeld et 
al., 2009). The air freight will be subjected to the same trend despite the fact that a decline in 
demand was recorded due the economic downturn (Nygren et al., 2009; Blakey et al., 2010). 
Up to 2030, it is predicted that the subsequent increase in jet fuel consumption will be at a 
lower rate than the increase in passenger demand. This is mainly due to two factors: firstly, 
increases in fuel efficiency of the aircraft fleet which will be estimated at 1.2% reduction per 
annum (Nygren et al., 2009; Blakey et al., 2010), secondly, through air traffic management 
optimization.  Furthermore, the International Air Transport Association (IATA) has predicted 
an increase in aviation fuel demand from around 190 million tonnes in 2009 to between 300-
350 million tonnes by 2030 (Wickrama,2001; Blakey et al., 2010). As a result, a proportional 
increase of CO2 emissions will be recorded. It is very important to stress on the fact that the 
environmental sustainability of commercial aviation is not the only concern, the availability of 
crude oil is another concern, the petroleum oil reserves are decreasing, so far, they are no 
sustainable and commercialized substitutes to compete with fossil fuels.  Several alternative jet 
fuel products deriving from many sources are emerging and it is felt that their production 
processes will in time offer routes to produce high quality and sustainable fuels. In this regard, 
algae-based jet fuel is seen as one of the plausible options to be explored as there is a record of 
successful attempts regarding its blending with petroleum jet fuel as it is mentioned in the next 
section.   
4. PREVIOUS ATTEMPTS ON THE USE OF ALGAE BASED JET FUEL  
 Some biofuel producers have attempted to produce jet fuel from microalgae and the they have 
concluded that there could be a potential in using microalgae species to produce aviation fuel. 
Some of these producers are: Sapphire Energy; Heliae, Phycal, Cellana, Solazyme 
and General Atomics , to name a few. The renewable aviation biofuels from microalgae 
produced by these companies have successfully been used as trials in both commercial and 
military aircrafts. Their blending with conventional jet fuels on 50-50 basis (known as B50) 
was approved for use in commercial flights by ASTM international.  In January 2009 
Continental Airlines made history with the first-ever commercial test flight in the United States. 
A Continental Boeing 737 departing from Houston International Airport, flew up with a B50 
fuel blend made of algae-based jet fuel and conventional jet fuel in one of its two engines. This 
was part of the biofuel blending plan from Continental Airlines aiming to reduce the impact of 
fossil jet fuel in the environment.  This event was considered as the beginning of a new era 
regarding the development of alternative jet fuels. In June 2011, the US Navy successfully 
established a B50 blend made of both microalgae-based Jet fuel and Conventional jet fuel. This 
blend was produced by Solazyme and it was used in a MH-60S Seahawk helicopter. This was 
the first time a military aircraft had flown on algae-based jet fuel. In July 2011, ASTM 
International announced its certification for airlines to fly passenger jets using derivatives of 
up to 50 % biofuel made from biomass including algal biomass. The certification allows the 
use of renewable aviation biofuels from biomass to be used by the aviation industry on a B50 
basis only. However, this certification is open door for future studies on various blending 
options and ratios, the conditions of their improvement and optimization that can also lead to 
new certification. Therefore, there is a gap to be filled with regard to new alternatives for jet 
fuel blending. In November 2011, United Flight 1403 flew from Houston to Chicago on a 40 
% blend of Solazyme’s algal jet fuel, became the second U.S. commercial flight powered in 
part by algae-based biofuel. These trials have sufficiently demonstrated there is potential in 
using microalgae-based jet fuel to reduce dependence on fossil fuel. However, many challenges 
mentioned early are still yet to be addressed.  
5. REQUIEREMENTS TO PRODUCE MICROALGAL BIOMASS FOR 
RENEWABLE JET FUEL 
 5.1 Microalgae selection 
 It is important to stress on the fact one of the most important steps to a successful production 
of microalgal based fuel starts with an appropriate selection of microalgal strain (Brennan and 
Owende, 2010). There are approximately more than 50,000 existing microalgae species but 
only 30,000 are characterized and some are still under study (Mata et al., 2010). This implies 
that with the amount of existing   species   many possibilities could be explored to produce 
variety of algae-based jet fuel or other algae-based fuels such as biohydrogen, biodiesel and 
biogasoline. However, it is obvious that several aspects have to be taken into consideration and 
analysed meticulously in terms of the nature of species, the cultivation mode, the 
contamination, the lipid content and the possibility to increase it in order to select the most 
reliable species/strain that has great potential to produce a sustainable jet fuel.  
5.2 Lipid content  
  Microalgal lipid content is one of the most important characteristics required for biofuel 
production (Schenk et al., 2008). The production of crude bio-oil and eventually the jet fuel 
will mainly depend on the lipid content of the strain or species.  When choosing the strain, one 
has to decide whether to go for the very high lipid content accompanied with low cell 
productivity or moderate lipid content accompanied with high cell productivity (Mata et al., 
2010), as these two characteristics are mutually exclusive in natural strains (Ratledge and 
Cohen, 2008). Generally, it has been reported that microalgae accumulate between 10%-50% 
of their dry weight in oil content (Chisti, 2007). Oil accumulation higher than 50% is usually 
associated with cell productivity (Schenk et al., 2008). However, there is also a possibility to 
increase the lipid content by modifying the genetics of the strain. This can be done by nutrients 
starvation or the use of enzymes or genetically modified organisms to stimulate oil increase in 
the cell. The process is completed after cultivation, the biomass will be subjected to conditions 
that involve physiological modification of cells under starvation conditions.  This will therefore 
stimulate the metabolism of cells and induced an increase of biomass quantity and lipid content.  
The genetic engineering of strains is generally a successful technique used to increase the strain 
or species lipid content. However, it is depending on the nature and species type. Each species 
or strain has its own way of responding to physiological modification involving nutrients 
starvation or use of enzymes.   
5.3 Site selection 
Another important step in microalgae cultivation is the choice of an appropriate site. The 
assessment of a potential site can involve several criteria that have to be inspected   and 
regulated. These criteria are classified into two categories:  abiotic and biotic factors 
(Moheimani, 2005). Generally, abiotic factors are related to characteristics such as the quantity 
and quality of light and water supply, the water salinity, the amount of dissolved oxygen and 
carbon dioxide, the pH of water, the surrounding climate including temperature (Schenk et al., 
2008), the rate of evaporation and precipitation, and the availability of nutrients and carbon 
sources (Moheimani, 2005). It is well known that both light and temperature play a major role 
when it comes to microalgae productivity (Mata et al., 2010).  However, the light used for 
cultivation should be at the optimum value to ensure effective growth of cells. Strong and 
intense light can lead to photo-inhibition causing harm to effective photosynthesis required for 
better microalgal growth and biomass production (Moheimani, 2005, Ginzburg, 1993). 
Therefore, it is vital to match the algal strain with an appropriate environment in which sunlight 
can sufficiently be provided to help grow the strain effectively (Ginzburg, 1993). Each strain 
or species has its own optimum growth temperature which allows it to reach its maximum 
growth rate. However, the optimal growth temperature for microalgae growth ranges between 
20 and 30°C (Chisti, 2007). It is assumed that a decline in temperature can be tolerated by most 
microalgae strains, while an increase by only 2-4 °C from the optimal microalgal temperature 
can lead to a destruction of the culture (Chisti, 2007, Mata et al., 2010). Creating sufficient 
space for microalgae cultivation in a conducive environment or site is very important to allow 
a sustainable biomass production. The topography and geology   of the land will also require a 
careful consideration, the land slope must be less than 10% and soil depth must be minimal to 
allow the construction of cost effective large cultivation systems (Schenk et al., 2008).  
The resources required for microalgae growth including carbon and water must be easily 
accessible, they should be situated within the vicinity of the chosen site in order to reduce the 
costs related to transport and handling. Various strains/species can grow in different aquatic 
media such as freshwater, seawater, as well as brackish water (Ratledge and Cohen, 2008), 
consequently, the stress on freshwater can be reduced. The use of saline water depends on the 
selected site, this can be situated next to coasts or nearby saline groundwater (Satyanarayana 
et al., 2010). On the other hand, the biotic factors include the presence of parasites and 
predators competing with microalgae growth and preventing nutrients to be assimilated by cells 
(Moheimani, 2005, Mata et al., 2010). 
 5.4 Microalgae nutrients 
Nutrients are essential to generate significant amounts of biomass from microalgae culture. The 
nutrients needed are mainly inorganic compounds such as CO2, phosphorus and nitrogen, 
(Chisti, 2006). The provision of these elements for microalgae growth is generally inexpensive 
when using wastewater treatment ponds (Powell et al., 2009). Large portion of hydrocarbons 
(90%) formed through microalgal photosynthesis are made from carbon, whereas the other 
10% is made of hydrogen (Ginzburg, 1993). Moreover, 50% of the dry biomass weight is 
attributed to carbon content (Patil et al., 2008). The carbon source needed by microalgae 
through biological uptake can come either from the 0.03% of carbon dioxide available in the 
atmosphere or from the flue gases generated by heavy industries and fossil fuel power plants.  
This CO2 can be fed to the culture to contribute to cells growth and increase biomass production 
rate. Also, lipid content is increased because of the increase in carbon chains (Brennan and 
Owende, 2010). 
However, in case there is a dependence only on atmospheric CO2 as carbon source, the 
productivity of microalgae cells will be very low and not suitable for fuel production because 
of low biomass generated during cultivation (Posten and Schaub, 2009). Microalgae have a 
great uptake capacity for CO2 compared to many terrestrial crops. This is due to their faster 
growth and high nutrients absorbance capacity.  Microalgae can grow on arid land; however, 
they cannot replace forests which constitute an important carbon sink (Khan et al., 2009). It is 
reported that 1 kg of microalgae can absorb approximately 1.83 kg of CO2 (Chisti, 2007, Patil 
et al., 2008). The efficiency of CO2 uptake by microalgae ranges between 30 to 99%, depending 
on the cultivation system used and the rate of culture mixing (Reijnders and Huijbregts, 2009). 
This mechanism of CO2 uptake allows the recycling of CO2 (Mata et al., 2010). The CO2 
absorbed by microalgae during growth is re-emitted during microalgal biofuel combustion 
(Mata et al., 2010).  
Another important nutrient is phosphorus, an energy carrier element and an essential 
constituent for cellular metabolism and regulation contributing to the production of enzymes 
and phospholipids in microalgae (Moheimani, 2005). It represents 1% of microalgae dry 
biomass weight (Powell et al., 2009). It is a major constituent of adenosine triphosphate (ATP) 
required for short term energy storage and transfer as mentioned before. It is a key factor in the 
energy metabolism of microalgae and is found in nucleic acids, lipids, proteins, and the 
intermediates of carbohydrate metabolism. Inorganic phosphates play a significant role in 
microalgae cell growth and metabolism. During algae metabolism, phosphorus, preferably is 
incorporated in to organic compounds through phosphorylation, much of which involves the 
generation of ATP from adenosine diphosphate (ADP), accompanied by a form of energy input 
 
Nitrogen is also one of the most important nutrients for microalgae cells, it is a major 
component of chlorophyll, the compound by which cells use sunlight energy to produce sugars 
from water and carbon dioxide during photosynthesis. It is also a major producer of amino 
acids, the building blocks of proteins contributing to cells lipid content. It is vital for protein 
and genetic material synthesis. It is an essential macro-nutrient that has significant importance 
to the growth and metabolism of mixotrophic microalgae. For mixotrophic microalgae, 
nitrogen can be utilized as NO3 −, NO2−, NH4+, or even as N2 Nitrate, ammonium, and urea 
are the three most commonly adopted nitrogen sources. 
A combination of both phosphorous and Nitrogen in one unit is very advantageous, therefore, 
a source of nitrogen and phosphorus should be added to the culture, in order to obtain high 
levels of productivity. Fertilizers seem to an acceptable option, they can be used as a source of 
nutrients, as they contain nitrogen and phosphorus (Posten and Schaub, 2009). Another option, 
which can substitute the use of fertilizers, is to grow microalgae in domestic wastewater instead 
of freshwater (Park et al., 2011). Domestic wastewater can provide the needed nutrients for 
microalgae growth, since it can contain high concentrations of nitrogen and phosphorus from 
nitrates and phosphates (Pittman et al., 2011). But prevention mechanism to avoid culture 
contamination should be put in place to reduce the risk of cells death and low biomass 
productivity rate.  
6.  CULTIVATION AND GROWTH MEDIUM   
 Cultivation of microalgae can take place in open ponds or in photobioreactors (PBR). 
Generally, the culture medium is directly exposed to the environment when using an open 
pond. It uses solar energy as the source of light needed for microalgae cultivation (Widjaja et 
al., 2009). This system can regulate the temperature by liquid evaporation.  Paddle wheels are 
used in open race ponds for mixing and circulation of gas or liquid with low investment. They 
also allow to expose to light as many cells as possible for an effective photosynthesis (Cheng-
Wu et al., 2001). Open pond systems are generally less expensive, their manufacturing requires 
lower costs material and less energy. However, open ponds are less effective in terms of light 
and temperature control. They need larger area and only handful of microalgae can be 
cultivated. There is a possibility of culture contamination including the production of low 
density microalgae when using open ponds (Pulz, 2001; Richmond, 2004; Carvalho et al.,  
2006). Currently, an advanced form of ponds known as raceway ponds are being used because 
of their effectiveness in terms of biomass production rates. Raceway pond channels are built in 
concrete, or compacted earth, and possibly lined with white plastic to collect sunlight during 
daytime. Broth is harvested before the paddle wheel after the circulation loop is completed. 
The paddle wheel operates all the time to prevent sedimentation. Raceway ponds have been 





Figure 1: Examples of various raceway ponds for algae cultivation  
 Photobioreactors are closed systems frequently used in commercial scales for microalgae 
cultivation. Microalgae growth is well controlled in order to achieve specific biological 
modification (Richmond, 2004; Cheng-Wu et al., 2001). They are easy to handle compared to 
open ponds when it comes to mixing and mass transfer of gas or liquid. Photobioreactors are 
very productive systems due to the most effective use of the cultivation area and efficient 
energy consumption Carvalho et al., 2006; Sierra et al., 2008). They consist of arrays of straight 
tubes of 0.1 m or less in diameter to allow an effective penetration of light. Also, the limited 
diameter is meant to increase the biomass productivity. Generally, the tubes are always oriented 
North-South in order to maximize the sunlight penetration in the culture. In a typical 
arrangement, the solar tubes are placed parallel to each other and plane above the ground as 
presented in Figure 2. Horizontal, parallel straight tubes are sometimes arranged in same way 





Figure 2: Photobioreactors used for algae cultivation  
To supply nutrients to microalgae, wastewater especially municipal wastewater can be used as 
source of nutrients as mentioned earlier. This implies that microalgae can be used for 
wastewater treatment, accumulating contaminants by absorption and adsorption allowing the 
removal of unwanted substances in wastewater in order to get a clean effluent.  
 
 7. POTENTIAL OF MICROALGAE BIOREMEDIATION OF 
WASTEWATER  
Generally, the treatment of domestic sewage aims to remove the pathogen and stabilise the 
contaminants in order to generate a clean effluent. Therefore, domestic wastewater must go 
through a series of treatment steps including preliminary treatment, primary treatment, 
secondary treatment and tertiary treatment. Its composition depends on many factors including 
the life style in the environment where it is collected. Generally, domestic wastewater contains 
suspended solids, inorganic and organic substances. Organic components include nitrogenous 
compounds like proteins and amino acids or non-nitrogenous compounds like carbohydrates 
and lipids in the form of fatty acids. Nitrogen in domestic wastewater comes from human 
wastes and from waste food primarily originating from household garbage-disposal units. 
Human waste is the major source of nitrogen in wastewater. Inorganic components include 
ammonia, chloride salts, phosphates, potassium and heavy metals in low concentrations. 
Phosphorus or phosphates compounds in domestic wastewater may originate from human 
wastes, waste food primarily from household garbage-disposal units, and synthetic detergents.  
Domestic wastewater also contains a large population of microorganisms, pathogens, 
emulsions and toxins such as pesticides, poisons, herbicides. The major sources of inorganic 
components in municipal wastewater are illegal disposal of pesticides. The main source of 
organic compounds is from food, toilets, bathroom, and kitchen wastes.  Generally, many algae 
species grow well in domestic wastewater. Many of these species have shown potential in 
bioremediation of wastewater because it is a conducive environment for   species. It is offering 
a possibility of effective cultivation and growth because of to the presence of nutrients in large 
amounts. The uptake of nutrients and contaminants takes place by biosorption, they accumulate 
nutrients to allow effective growth (Bwapwa et al., 2017). The following are few examples of 
species that have proven to be effective in wastewater bioremediation using microalgae: 
Chlorella performs well in the removal of lead (II) ions from wastewater. It removes easily 
nutrients N and P from domestic wastewater. It is also used for the removal of cyanide from 
wastewater. Pithophora sp is very effective in the removal of malachite green dye from 
wastewater. Scenedesmus abundans has the capacity to remove cadmium and copper in 
wastewater and also in the removal process of cyanide from wastewater. Sargassum muticum 
can remove methylene blue dye from wastewater. Spirulina sp is a good candidate for the 
biosorption of heavy metals like antimony and chromium present in wastewater. Botryococcus 
braunii has shown potential for the removal of nitrogen and phosphorus.  Dunaliella salina has 
the ability to remove heavy metals like Cu, Cd, Co and Zn. Also,  it is among the best species   
for hypersaline wastewater treatment. Ankistrodesmus sp has enormous ability to absorb 
metals, it also removes mercury, arsenic and selenium through methylation. Microactinium sp 
removes zinc and cadmium from wastewater through biosorption by Microactinium pusillum. 
Pediastrum sp is known as an indicator of organic compounds in wastewater, the uptake 
process of organic contaminants in this case takes place through biosorption. However, these 
species have been used to production biofuel such as biodiesel. There is possibility to convert 
biodiesel to bio-jet fuel. Therefore, the production of aviation biofuel from algae species is 
technically possible. 
 
7.1 Combination of domestic sewage treatment and biofuel production: the advantages, 
the problematic and the gap  
As mentioned earlier domestic wastewater contains large amount of   nutrients required for 
microalgal cultivation and thus can be used for biomass production which will be used to 
produce jet biofuel or any other biofuel. The nutrients removal efficiency varies depending on 
the composition of domestic wastewater and environmental conditions, such as the initial 
nutrient concentration, light intensity, nitrogen/phosphorus ratio and the light/dark cycle or 
algae species. The protection of the growing culture against the predators should also be 
included.  The use of microalgae for wastewater remediation has attracted many interests due 
to the effective nutrient removal abilities of microalgae and additional benefits of biofuel 
production.  Microalgae offer the advantages of high growth rates, lipid productivities and 
ability to bio-sequester carbon dioxide, high possibility to remove contaminants from domestic 
wastewater and their abilities to produce biofuels as mentioned before. However, large scale, 
cost-effective and sustainable microalgae biofuel production remains still uncertain. The 
technology/potential of using microalgae to remove contaminants from domestic wastewater 
as well as converting the resulting microalgal biomass for biofuel production, are critically 
reviewed. There is synergy taking place between wastewater and algae cells when they are 
together in the same environment as shown in Figure 3. The synergy allows the growth of 
microalgae by the same time removal of nutrients by bioaccumulation takes place to get a clean 
effluent as mentioned earlier.  Figure 3 shows the synergy between microalgae and bacteria in 
wastewater treatment process. In this synergy biomass is collected by harvesting after 
wastewater treatment and can therefore be used for biofuel production. The possibility to 
articulate between wastewater treatment, biomass and biofuel production can be very 
interesting in terms of cost effective, energy saving and maintenance. This can be a gap for 
future studies to analyse in details the combination involving biofuel production more 
especially jet fuel and domestic wastewater. Therefore, the dual application of microalgae for 
phycoremediation and the production of biomass in order to generate sustainable biofuels is a 
feasible option (Rawat et al., 2011). However, there is a need to adapt many parameters for a 
better articulation between bioremediation and biomass production for biofuel production in 
general and bio-jet fuel in particular. In this case modelling studies, process improvement and 
design, choice of species capable of producing high biomass and oil output while removing 
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Figure 3: Synergy between algae and bacteria in domestic wastewater for wastewater 










 7.2 Incorporation of algae-based wastewater treatment in the conventional wastewater 
treatment plant  
 Algae-based domestic wastewater treatment can be incorporated in the secondary treatment 
within a conventional treatment plant, this is suggested as a new conceptual approach to be 
used for wastewater treatment. The necessary oxygen to feed the microorganisms will be 
supplied by algae species.  In this case algae will provide a way to uptake nutrients and supply 
required oxygen to aerobic bacteria through photosynthesis.  Consequently, this can reduce 
energy consumption as the source of oxygen is no longer the blowers or pumps but the algae.  
Aeration process is known as an energy demanding for wastewater treatment plant. Generally, 
aeration accounts for 45 to 75% of the total energy costs of wastewater treatment plants (Rosso 
et al., 2008). However, the challenge for algae is its incapacity to produce continuously the 
needed oxygen for microorganisms to accomplish their work. Therefore, treatment will 
therefore take longer  compared to conventional system as it is a slow process.  Therefore, the 
combination of both conventional and algae-based domestic wastewater treatment as presented 
in Figure 4 can be an option that need to be deeply examined and explored because it is energy 
saving and environmentally viable. The excess of oxygen needed to strengthen the treatment 
performance can be provided by algae when dealing with the combined option, it saves energy 
as mentioned before and will have a high impact on the removal efficiencies.  In this situation 
algae-based treatment is used as a passive treatment and the conventional system as an active 
treatment as per normal.  However, the costs related to maintenance will be increased. The 
increase is also due to algae handling and harvesting when there is need to add a new culture.  
Figure 4 presents the conceptual option suggesting the incorporation algae-based treatment into 
a conventional treatment plant to achieve the objectives of domestic wastewater treatment and 









Figure 4: Systematic chart locating the strategic position of algae-based wastewater 
treatment 
 
 7.3 The effectiveness of algal growth in wastewater to produce biomass  
An efficient growth of microalgae in domestic wastewater depends on many parameters. These 
parameters include the pH, temperature of the growth medium, the light intensity and salinity. 
Furthermore, effective algal growth relies mainly on critical parameters such   N, P and organic 
carbon and CO2. For instance, it was reported that the growth of microalgae in primary settled 
sewage wastewater increased significantly under long photoperiod conditions and following 
the addition of CO2, while increased temperature decreased algal biomass (Pittman et al., 
2011).  Mostly, the main difference between domestic wastewater used as a growing media 
and other media is that there is a presence of high concentrations of N and P in domestic 
wastewater compared to other growing media. Most N is generally found in the form of 
ammonia. This can at high concentrations cause growth inhibition for algal species (Pittman et 
al., 2011; Konig et al., 1987; Wrigley and Toerien, 1990).  The presence of toxins is another 
threatening factor for algal growth in domestic wastewater. These toxins are mainly from 
degraded food, detergents and many other chemicals used domestically.  Their presence can 
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impact negatively on species growth, bacteria and other microorganisms. In addition, 
microorganisms in wastewater might have a tendency to compete with microalgae for essential 
nutrients, consequently, the removal efficiency can be affected.  
The initial density for microalgae in wastewater is probably one of the critical factors but not 
the only one that could influence the growth of the entire cells or biomass population (Lau et 
al., 1995). For instance, C. vulgaris removed over 90% of N content and 80% of P content from 
the primary treated sewage (Lau et al., 1995). This suggests that effective wastewater growth 
and nutrient removal is not significantly dependent on starting cell density. Wang et al.,2010 
also focused on the growth of Chlorella in pre- treated wastewater in addition to wastewater 
from three subsequent treatment phases. It was reported from their study that many of the tested 
parameters including N and P removal, heavy metals and   ion removals including growth rate 
were equivalent in wastewater prior to and after primary settling. 
These variables will differ depending on the wastewater type and from one wastewater 
treatment site to another. Also, the species type is another factor influencing growth 
effectiveness. It is related to the ability of the species to accommodate itself to the type of 
domestic wastewater, its composition and the environmental conditions.  In this regard, 
unicellular chlorophytic microalgae species are particularly tolerant to many wastewater 
conditions and very efficient at accumulating nutrients from wastewater (Aslan and Kapdan, 
2006; Gonzalez et al., 1997; Ruiz-Marin et al., 2010). Consequently, the species ability to 
survive in wastewater environment plays a vital role in the effectiveness of microalgal growth. 
For instance, Chlorella vulgaris is more effective than Chlorella kessleri at accumulating N 
and P from wastewater (Travieso et al., 1992), while Scenedesmus obliquus grows better in 
municipal wastewater than C. vulgaris (Ruiz-Marin et al., 2010). Chlorella and Scenedesmus 
are generally known as the predominant species in oxidation ponds (Masseret et al., 2000) and 
in high-rate algal ponds (Canovas et al., 1996). Overall, the effectiveness of algal growth will 
mainly depend on growth conditions, the nutrients, the nature of the species and the growth 
medium. These aspects will assist in producing sufficient biomass with lipid content that can 





Table1 :  Some examples of  species used for  domestic wastewater treatment  
Wastewater type  Species and Parameters  Removal efficiencies  References  
Domestic 
wastewater 
Species: C. vulgaris  
 





78.08% and 62.73%, 
respectively 
Ayodhya and 
Kshirsagar (2013)  
Domestic 
wastewater  
Species:  S. quadricauda 



















100% respectively  
Thomas et al., 2016 
Domestic 
wastewater 
Species : Chlorella vulgaris 
Parameters : : BOD , 




100% respectively  
 




Species : Selenastrum sp. 
Parameters: BOD , 
TDS,TSS,TS, N, P 
 
63 %, 49%, 54%, 
49%,82%, and 100%  
respectively 




Species :  Chlorella pyrenoidosa 
and Scenedesmus sp 
Parameters : N and P  
More than 80% for both 
N and P  
Tam and Wong (1989) 
Domestic 
wastewater  
Species : Botryococcus 
braunii and Chlorella vulgaris 
Parameters : N and P  
79.63% of the nitrogen 
and phosphorus 
Sydney et al.,2011  
Domestic 
wastewater  
Species : Scenedesmus sp. 
ZTY1 
Parameters : N and P  
Over 90% for N , 97 % 
for P. 
Zhang et al.,2014  
 
7.4 Algal growth in municipal sewage wastewater 
Generally, a conventional municipal sewage treatment involves primary treatment phase for 
the sedimentation of solids. This is followed by a secondary treatment phase aiming to remove 
suspended and dissolved organic materials. The tertiary treatment phase in which disinfection 
of the water is performed prior to discharge into the environment. It is during secondary phase 
that the removal of many dissolved inorganic compounds including N and P takes place.  The 
potential of microalgae to remove N and P can be explored in this phase. Microalgae are very 
efficient at removing N and P from sewage-based wastewater because they are the main 
nutrients needed for microalgae growth.  
It is a fact that microalgae cells supply oxygen to microorganisms and at the same time they 
also absorb contaminants from sewage wastewater, however, the challenge is the adaptation of 
species in the sewage environment.  Some unicellular green microalgae species are particularly 
tolerant to sewage effluent conditions, heavy metals and other contaminants most notably those 
of the Chlorella and Scenedesmus genus (Chinnasamy et al., 2010; Lau et al., 1995; Ruiz-
Marin et al., 2010; Shi et al., 2007; Wang et al., 2010).  
Various species of Chlorella and Scenedesmus can provide high removal efficiency of up to 
80% ,  in many cases complete removal of ammonia, nitrate and total P from secondary treated 
wastewater can be achieved  (Martinez et al., 2000; Ruiz-Marin et al., 2010; Zhang et al., 2008). 
Generally, many species have a significant removal potential for N and P as well as other 
substances when used as bioremediation agent for domestic sewage wastewater. Overall, algal 
growth is strongly related to removal efficiencies of nutrients and other substances. The higher 
the removal efficiencies the more effective the growth of algal species in domestic wastewater. 
To have high removal efficiencies optimal growth conditions must be well established and the 
growing culture must be protected against inhibitor agents such as toxins and pathogenic 
bacteria.  
7.5 Challenges related to the cultivation of algae in domestic wastewater  
In conventional wastewater treatment plants, nutrients and treatment process are generally less 
expensive for small scales and yet represent major technical and economic problems at large 
scales due to higher levels of contaminants in the effluent, large volume of effluents and energy 
consumption. Using existing municipal wastewater facilities and streams will reduce nutrient 
costs on the other hand it presents a high risk of introducing pathogenic bacteria, toxins, 
complex organic compounds, or heavy metals into the biomass stream (Hoffman et al., 2008; 
Wilson et al., 2009). Little is known about artificial pond ecology or pathology, more 
investigations into these areas will be very important to establish large-scale cultivation risk 
mitigation and remediation strategies. These will also assist in culture stability, nutrients source 
scaling, monitoring productivity, sustainability and management, as well as water 
conservation, management and recycling (U.S. DOE, 2010). Treatment of domestic wastewater 
using algae is more effective in countries dominated by tropical climate where there is presence 
of abundant sunlight. The climate and sunlight have a significant influence on algae growth 
and it is challenging to maintain the optimum. Additionally, biological and operational issues 
causing contamination, auto-inhibition and grazing have to be prevented during cultivation. 
However, contamination by bacteria and other algal species can be prevented by sterilization 
and ultra-filtration of the culture medium while grazing can be prevented by chemical 
treatment. Some of the key challenges are: light requirements, temperature, and rainfall, mixing 
harvesting, contamination, and oxygen depletion.  
 
8. HARVESTING METHODS  
Harvesting aims to collect the biomass needed for downstream processes. It is an important 
costs component, owing to the challenges involved in the entire process of jet fuel production. 
It is hence important for those exploring algae-based fuels industry to gain a clear 
understanding of the various harvesting options available, the challenges related to each option, 
the current efforts and solutions being attempted in order to overcome these challenges.  Also, 
there are attempts to skip the harvesting process aiming to reduce the costs related to harvesting 
and drying. However, these attempts are not yet sustainable on large scale.  Some major 
technologies commonly used for microalgae harvesting are centrifugation, filtration, 
sedimentation and flotation (Danquah et al., 2009; Chen et al., 2011). Table 2 summarizes the 
strengths and weaknesses of these techniques. 
 
Table 2: Strengths and limitations of harvesting techniques (adapted from Mohn, 1988; 
Grima et al. 2003; Shen et al. 2009) 
Harvesting technique                Strengths                Limitations 
 
Filtration Less expensive, wide variety of filters 
and membranes available  
Require frequent backwashing, Time 
consuming. Highly dependent on algal 
species; best suited to large algal cells. 
Clogging or fouling an issue 
Flotation Cost efficient and more rapid than 
sedimentation 
Use of chemical, 
Depend on suspended particles. 
Less reliable, Algal species specific. High 
capital and operation costs 
Centrifugation Quick,  
Highly efficient, 
Good recovery 
Expensive due to high energy consumption 
and high capital costs  
 
Sedimentation  
Low costs, potential for use as a first 
stage to reduce energy input and costs 
of subsequent stages 





Capable to handle nannochloropsis 
cells, very efficient and can reach up 
98% dewatering. 
Can be used as pre-treatment prior to 
centrifugation. 




 9. ALGAE BIO-OIL EXTRACTION  
There are 3 major components that can be extracted from algal biomass: lipids including 
triglycerides and fatty acids, carbohydrates, and proteins. Lipids and carbohydrates are known 
as fuel precursors (e.g., gasoline, biodiesel and jet fuel) and proteins can be used for co-
products. Most challenges for bio-oil extraction are associated with the industrial scale up of 
integrated extraction systems. Although many analytical techniques exist and they are being 
used up to date, it is challenging to optimize extraction systems that will exhibit low energy 
consumption than the one contained in the algal cells. This is due to the high energy demand 
associated with both harvesting and drying algae biomass as well as separating out desirable 
products.   Investigations are still underway aiming to develop options that will help to bypass 
bio-oil extraction, though these are also subjected to a number of unique scale-up challenges. 
This can be the case of catalytic processes such as biomass gasification and Fisher Tropsch. 
 Lipid extraction from microalgal biomass is largely in the domain of laboratory-scale 
processes that serve analytical rather than biofuel production goals. However, the extraction 
process determines the oil output or recovery needed for downstream processes. The more 
efficient is the extraction, the more oil is collected for conversion processes. The dynamics of 
extraction in aqueous phase systems serves as a starting place for industrial-scale extraction 
operations. Lipid extraction includes the following approaches: solvent-based extraction 
relying on microwaves and or sonication for cell disruption; using solvents to “milk” algal cells 
without disrupting cellular functions; and extraction bypass schemes that attempt to engineer 
algal systems that secrete products directly into the growth medium. Conceptually, the cells 
can be channelled to their original bioreactor for continued growth and production of 
triglycerides for biofuels production. For example, some have proposed a modified technique 
to “milk” oils or neutral lipids from algae using biocompatible solvents and applied sonication. 
Solvent based extraction is the most undertaken technique till date to get bio-oil out of 
microalgae cells because of its cost effectiveness.  The mixture of various solvents is also used 
for lipid extraction. The method developed by Bligh and Dyer (1959) has been a well-known 
co-solvent extraction procedure using the mixture chloroform-methanol-water in 1-1 ratio with 
the algal biomass. Chloroform will assist in extracting more than just the saponifiable lipids, 
the unsaponifiable lipids such as pigments, lipoproteins, and other lipid and non-lipid 
contaminants will be also extracted (Fajardo et al., 2007). Other combinations of co-solvents 
were suggested for the extraction of lipids: hexane/isopropanol for tissue (Hara and Radin, 
1978); dimethyl sulfoxide/petroleum ether for yeast (Park et al., 2007); hexane/ethanol for 
microalgae (Cartens et al., 1996); and hexane/isopropanol for microalgae (Nagle and Lemke, 
1990). The hexane system has been endorsed in many cases because hexane and alcohol will 
readily separate into two separate phases when water is added, thereby improving downstream 
separations (U.S. DOE, 2010).  Also, less volatile and toxic alcohols such as ethanol and 
isopropanol are suggested instead of methanol. A single solvent can also be used for extraction 
depending on its effectiveness in extracting oil from the biomass. The latest study using only 
one solvent was completed by Kanda et al., (2012) using Dimethyl Ether (DME). In this 
process crude bio-oil was extracted from blue-green microalgae. DME   molecules disperse 
inside cells through cell walls and bind strongly to the oily components. Its boiling point is 25 
OC but it liquefies under 20OC . DME is recovered as vapour only through depressurisation.  
 10. ORIGIN OF PETROLEUM CRUDE OIL AND COMPARISON WITH 
ALGAE CRUDE OIL  
Algae bio-crude oil extracted from various species is similar in quality to petroleum crude oil  
(Hannon et al., 2010). Petroleum crude oil originates from algae in marine environment or old algae 
deposit made of liquid hydrocarbons (EIA, 2009). On average 85% w/w of oil is carbon, 10-14 % of oil 
is hydrogen, oxygen accounts for 1 to 2 % and sulphur represents up to 4% of the oil total weight (Hunt, 
1996).  Petroleum crude oil comes from Kerogen a compound present in sedimentary rocks within 
marine environment. It is formed   after a series of biochemical and chemical reactions named diagenesis 
and catagenesis (Gize and Manning, 1993). Kerogen is transformed into crude oil under specific 
conditions of pressure and temperature. It is mainly made with algae, organic compounds, bacteria and 
plant material. Most of these compounds present in crude petroleum oil are also found in crude algae 
bio-oil (JK Bwapwa et., al 2018). Consequently, there is a possibility to use crude bio-oil in the same 
processing plant producing conventional jet fuel to produce algae- based jet fuel (Bwapwa et al., 2017).  
 
11. SPECIES WITH POTENTIAL TO BE USED FOR ALGAE -BASED 
JET FUEL  
Table 3 presents the bio-oil outputs from various microalgae species. The quality of bio-oil 
generated from these species is appropriate for any biofuel as well as bio-jet fuel. They can be 
successfully cultivated in domestic wastewater to produce the biomass needed for conversion 





Table 3: Output in terms of oil content for some algae species (adapted from Chisti, 2007 
Georgianna and Mayfield, 2012; Brown et al., 2010; Brennan, and Owende, 2010) 
 
Microalgae species    bio- oil output   per mass of  dry 
biomass [%]  
Botryococcus braunii 25 -75 
Nannochloropsis sp. 31-68 
Schizochytrium sp. 50-77 
Neochloris oleoabundans 35-54 













Cyclotella DI- 35 42 
 






Nannochloris: 31 6-63 
 
Neochloris oleoabundans 35-54 
 
Nitzschia TR-114 28-50 
 
Phaeodactylum tricornutu 31 
 






Tetraselmis suecica 15-32 
 
Thalassiosira pseudonana 210-310 
 
Euglena gracilis 14-20 
Hormidium sp 38 
Phaeodactylum tricornutum 20-30 
Pleurochrysis carterae 30–50 
Chlamydomonas reinhardtii 21 
Prymnesium parvum 22-38 




Hormidium sp 3.8 
Chlorella pyrenoidosa 47 
Chlorella vulgaris 14-22 
Crypthecodinium cohnii 20 
Dunaliella tertiolecta 36 
Dunaliella salina 6 
Dunaliella primolecta 23 








Scenedesmus obliquus 12-14 
 
12. GENERAL REQUIREMENTS AND COMPLIANCE FOR JET FUEL 
A complying jet fuel should provide necessary energy for aircraft propulsion and avoid freezing 
at higher altitudes. Therefore, it must comply with technical and operational specifications. 
Furthermore, jet engines must be designed accordingly in order to operate under these specific 
requirements.  Both the relatively slow rates for aircraft fleet renewal and the global nature of 
the aviation sector require that any jet fuel should be produced from high quality crude oil.   
Also, refinery or conversion processes from crude oil to jet fuel should be costs competitive. 
They also have to enable the production of a complying jet fuel to established aviation 
standards which is expected to be highly competitive on the market.  In this case, if all these 
requirements on quality and market are met, the use of an alternative jet fuel would represent 
no change or challenge on the ground and supply infrastructure, airframe or engines. This kind 
of jet fuel is defined as   a “drop in” jet fuel. It is the alternative version of jet fuel needed on 
the market to compete with the conventional jet fuel. On the other side, a “non-drop in” jet fuel   
implies that new aircrafts and infrastructures would require a substantial investment in a supply 
chain system which should be kept independent from the one used for conventional jet fuel. 
Additionally, the engine technology should be specifically designed for the ‘’non-drop in’’ jet 
fuel. Currently, it is a fact that no manufacturer of aircrafts or engines is ready to restrict the 
use of their equipment to a particular fuel or way of operating or even developing new 
equipment to accommodate a new fuel. This will require new studies and new investments 
from the fuel manufacturer and could be time consuming. Therefore, this suggests that in the 
near to mid-term, efforts should be made to produce alternative fuels which are “drop in”. to 
keep using the same equipment or engines without any modification, this is an ideal situation. 
Nevertheless, ‘’non-drop in" jet fuels should not be automatically rejected, but they have to be 
carefully evaluated in terms of their quality and performance, and finally improved 
substantially in order to comply with the standards and meet the market expectations. 
Consequently, an elaborate improvement approach based on a balance between their potential 
advantages from efficiency, environmental or economical point of view and their approval and 
implementation costs should to be undertaken thoroughly.  
Producing a microalgae-based jet fuel totally compliant to stringent regulations defined by standard 
bodies is one of the biggest challenges to be overcome.  Compliance focuses mainly on properties or 
parameters such as cold flow property, energy density, energy content, kinetic viscosity, freezing point, 
concentration of aromatics, material compatibility, safety properties, flash point, water content and 
thermal stability (JK Bwapwa et al., 2017). The concept of compliance is also focusing on combustion 
and kinetic aspects such as ignition and extinction characteristics, chemical kinetics, lubricity flame 
speed and flammability limits. These features must strongly correlate with the composition of jet fuel 
knowing that the composition depends mainly on raw crude oil, the type of refining processes used and 
additives used to improve the quality of jet fuel. Generally, conventional jet fuel is made up roughly of 
20% paraffin, 40% isoparaffinic, 20% naphthene’s and 20% aromatics (Blakey et al., 2011). However, 
additives are made to the jet fuel in order for it to comply with the expected quality and performance.  
The composition of jet fuel can be regarded as a key aspect for compliance with the stringent standards 
used for aviation fuels.   
Compliance also implies that algae-based jet fuel must perform as a’’ drop-in ‘’ substitution or support 
for the conventional jet-fuel (Bauen et al., 2009). Table 4 presents ASTM limits and various ASTM 
methods used to perform some physico-chemical tests required for jet fuel compliance.Table 4:  Some 
ASTM standards used for Jet fuel  
Parameter Unit ASTM D1655 limits   Method 
Density @15 OC g/ml 0.775-0.840 ASTM D7042 
Viscosity @- 20 OC Cost 8 (maximum) ASTM D445 
Flash point OC 38 (Minimum) ASTM D93 
Water content % nd ASTM D6304 
Total acidy mg KOH/g 0.015(Maximum) ASTM D3242 
Total Sulphur % 0.3 (Maximum) ASTM D4294 
Net heat of 
combustion 
MJ/kg 42.8 (Minimum) ASTM D4868 
Freezing point OC -40o C (Maximum) ASTMD 
D2386 
Conductivity pS/m 50-600 ASTM D2624 
 
 13. CURRENT AND FUTURE CHALLENGES   
A part from the compliance and sustainability issues which are also challenging aspects, the other major 
challenges faced by algae-based fuels are biological, chemical and mechanical.  Biological challenges 
are related to strain or species ability to grow effectively, lipid production, biomass productivity, 
resistance to contamination, optimal light intensity, tolerance of high oxygen levels and temperature 
extremes. Therefore, the selection of the strain is regarded as one of the key aspects because of its link 
with lipid content and also the nature of strain/species cold have a direct influence on lipid biosynthesis, 
biomass productivity and the type of lipids produced (Eloka-Eboka and Inambao ,2017). Chemical 
challenges are related to oil extraction with solvent use, operating conditions of transesterification 
reaction, the process of chemical harvesting, quality of water and removal of toxic substances in water 
or wastewater used for algae cultivation (Hannon et al., 2010; Gerbens-Leenes et al., 2009)   
Mechanical challenges focus on equipment maintenance and performance related to cultivation 
equipment, harvesting systems, drying and oil extraction equipment such as oil press or impeller 
(Hannon et al., 2010).  Process optimization and modelling of relevant parameters related to these 
challenges will also assist to overcome them. Table 5 described further details on the main challenges 
recorded at each step of the production regarding algae-based fuels.  These challenges are part of the 
main issues faced by algae-based fuels producers. They constitute the basis for research and 
development in the current context to improve and enhance the sustainability of algae-based fuels 




Table 5: Summary of the main challenges encountered on each process step of microalgae Jet fuel 
production (adapted from US DOE  2010) 
 
PROCESS STEP  RESEARCH AND DEVELOPMENT 
CHALLENGES  
Algal biology  - Choice of relevant strains with high lipids content  
- Development of small scale high throughput 
screening technologies  
- Development of an open access database and 
collection of existing strains with detailed 
characterisation    
-Investigation of genetics and biochemical pathways 
for production of fuel precursors  
- Improvement on strains for desired criteria by gene 
manipulation techniques and breeding  
Algal Cultivation  - Investigation of cultivation approaches depending on 
the species nature  
- Achievement of stable and robust cultures at 
commercial scale  
- Optimization of algal productivity of fuel precursors  
- Development of a sustainable and cost-effective 
models for water and land use and nutrients  





Harvesting and Dewatering  
 
- Investigation of costs effective harvesting process 
(centrifugation, sedimentation, flocculation, filtration 
dissolved air floatation. microfiltration etc)     
- Reduction of harvesting energy intensity  
- Lowering the capital and operating costs  
- Assessing each harvesting option in terms of 
compatibility and sustainability 
- Development of new harvesting technologies to 
compete with the existing ones   
Extraction and Fractionation  - Investigating and optimizing various approaches 
(sonification, microwave, solvent extraction, etc 
- Minimizing and optimizing the process energy 
intensity  
- Investigating recycling mechanisms to minimize 
wastes generated after bio-oil extraction 
- Addressing scaling challenges due to operating 
parameters such as temperature, pressure, carrying 
capacity, separations and side reactions  
Fuel conversion  - Investigating on various approaches for sustainable 
processes to get jet fuel from microalgae 
(thermochemical, catalytic conversion, biochemical 
conversion etc  
- Minimizing contamination of the final product and 
reaction inhibitors 
- Minimizing process energy consumption and carbon 
emissions over life cycle 
- Achieving high conversion rates under scale-up 






14.PROPOSED PROCESS FOR CONVERSION OF ALGAE TO JET 
FUEL FROM WASTEWATER  
 
A set of processes can be explored to convert microalgal crude bio-oil into jet fuel. Prior to 
conversion processes, sufficient biomass should be produced via cultivation of microalgae 
under defined operating conditions including temperature, light intensity, salinity and pH 
depending on the species/strain type and nature as mentioned before. The cultivation process 
should incorporate the species genetic modification which is vital for lipid content increase. 
Conversion processes are undertaken after biomass harvesting and/or drying. Currently, there 
are numbers of conversion processes that can lead to jet fuel production from algal biomass. 
Some of the ground-breaking processes or techniques are patented and remain under the private 
domain. Figure 4 is the suggested model including both domestic wastewater treatment and 
bio-jet fuel production. Conventional wastewater treatment can be combined with algae-based 
wastewater treatment as suggested before. The generated algae biomass should be collected 
after treatment and be used for conversion processes. This collection should be done in way 
that microorganisms are not taken away by the algae biomass.  Figure 4 presents a conceptual 
scheme involving all the processes that are essential to generate jet fuel from domestic 
wastewater. The feasibility of this combined system should be undertaken in details specially 
in terms of costs and algae cultivation. From this concept not only jet fuel can be produced but 
other lighter fractions such as naphtha, biogasoline, diesel distillate depending on carbon chains 
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Figure 4: Conceptual scheme to produce jet fuel from microalgae-based wastewater 
treatment   
This conceptual process suggests 2 routes after recycling wastewater: the first is similar to a 
petrochemical process involving cracking, fractionation, reforming and upgrading. The second 
route is the biodiesel option which involves deoxygenation and decarboxylation, isomerisation 
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or cracking and finally the fractionation to get the relevant fractions for jet fuel. This option 
while it is technically sound but it is still costly and energy demanding.  
15.  VARIOUS CONVERSION PROCESSES TO BE USED FOR ALGAE 
BIOMASS INTO JET FUEL 
 
 15.1 Hydrothermal liquefaction  
This is a thermal depolymerization process used to convert wet biomass into crude bio-oil   
under moderate temperature and high pressure. The concentration of wet algae should not be 
less than 20 wt % solids. This slurry   is hydrothermally treated in subcritical water, at a pressure 
range of   2000 to 3000 psia under temperature varying   between 300° and   350°C. The 
reaction temperature dictates the reactor pressure (Biddy et al., 2013). Hydrothermal 
liquefaction(HTL) is considered as one of the most promising technologies for conversion of 
biomass including algae biomass into biofuels. This is because of its advantages in rapid 
reaction using wet feedstocks with no lipid-content restriction. This makes HTL a suitable 
process for conversion of algae biomass into crude bio-oil. The chemical reactions that take 
place during the hydrothermal treatment are currently part of many studies; and the effect of 
main process variables on the liquefaction process is being also studied. These process 
variables include parameters such as temperature, heating rate, holdup time at the maximum 
temperature, biomass concentration in the water suspension, biochemical and elemental 
compositions of the microalgae, use of catalysts, etc Bio- oil from HTL process requires 
additional catalytic processing for oxygen and nitrogen removal. Similarly, Sulphur removal 
also takes place but then it is found in the HTL bio-oil to a much lower concentration. In this 
process no energy is spent for drying the algae biomass, the slurry is channelled straight into 
the reactor and the crude bio-oil is produced without using a solvent after separating it with 
bio-char.  This process can be used in lieu and place of bio-oil extraction. However, HTL 
process requires an improvement of catalyst performance and the reduction of operating costs 
to be more efficient.       
15.2 Biomass gasification and Fischer Tropsch integrated process (BG-FT)  
In this technology there is a combination of carbon monoxide and hydrogen produced from 
coal, natural gas, or biomass during gasification, and thereafter Fischer–Tropsch(FT) process 
turns these gases into a synthetic lubrication oil and synthetic fuel.  Briefly, in this integrated 
process, biomass is gasified and the generated bio-syngas is used for FT synthesis to produce 
long chain hydrocarbons in order to be converted to fractions such as green Diesel and jet fuel 
(Boerrigter et al., 2003). Biomass gasification and Fischer Tropsch integrated process (BG-FT) 
can assist in deriving more varied forms of energy from the thermochemical conversion of 
biomass than conventional combustion. FT being a well-established process that can be 
coupled to a biomass gasification system uses cobalt-based or iron-based catalysts. The use of 
cobalt-based catalysts yields high oil productivity than iron-based catalysts at high conversion 
level, while the productivity is approximately equal at intermediate levels of conversion, 
making cobalt the most appropriate catalyst (van Steen and Claeys, 2008).  
The bio- syngas collected from biomass can be H2 deficient. Therefore, steam and oxygen are 
used as gasification units to enhance the H2 content in the syngas. Although the technology is 
promising for algae biomass conversion to jet fuel, this integrated process presents some 
weaknesses such as high oxygen and water content for the produced fuel and it is requiring 
intensive impurity removal, control and adequate wastewater management approach. There is 
need for product separation and upgrading when using this technology to produce jet fuel.  
 15.3 Pyrolysis 
This is a thermochemical process used to break down long carbon chains in shorter ones for 
any organic product at higher temperatures in very short amount of time. In this process, the 
oil is exposed to high temperature without oxygen. Different new molecules are obtained after 
a series of chemical and physical changes. A variant of biomass pyrolysis is known as fast 
pyrolysis, it is achieved with temperatures between 400 and 600 °C within few seconds.   Fast 
pyrolysis can yield up to 80% (in weight).  Zeolite is used as catalyst during the process to 
improve the quality of oil.  The catalyst can influence the increase of aromatic content and 
cause the decrease of oxygen. The catalytic pyrolysis produces high quality oil that requires 
less upgrading processes than the non-catalytic one. Therefore, it is cost effective compared to 
the non-catalytic (Venderbosch and Prins, 2010). This process can be effective for algae 
biomass provided that algae biomass is completely dried before pyrolysis.  Consequently, 
drying is an added cost to be considered.  Pyrolysis readiness for biomass does not need to be 
proved anymore. It has also successfully been used to produce fossil derived fuels. However, 
there is   slow commercialisation of the technology because of the lack of an effective market 
demand regarding crude bio-oil.  
15.4 Cracking, reforming and upgrading  
Cracking allows large hydrocarbon molecules to be broken down into smaller alkane molecules 
which are more useful for fuel production. Fractions containing large hydrocarbon molecules 
are vaporised and passed over a hot catalyst to allow the breaking of hydrocarbon chains. In 
this process temperature and catalyst play a very important role in making the breaking very 
effective.  The effect of pressure during the process is not very significant compared to 
temperature and catalyst, however, it is still also needed during the process.  
 There are many types of cracking processes which can be used for algae biomass or any 
biomass, these processes   including isomerisation cracking, hydrocracking, thermal cracking, 
fluid catalytic cracking and steam cracking. These processes depend on the type of biomass 
used or oil to be produced. Hydrocracking is one of the most used processes for biomass 
product, it is a two-stage process combining catalytic cracking and hydrogenation, where heavy 
feedstock is cracked in the presence of hydrogen to produce more desirable products. Generally 
cracking process uses moderate pressure, high temperature and a catalyst to achieve the 
breaking down of hydrocarbon chains. The pressure range is wide and depends on the 
application and the temperature range is generally between 200 and 500 OC depending on the 
type of oil or biomass and the type of the cracking process. However, it is important to stress 
on the fact that the temperature can go beyond this range depending on the cracking type 
process. The upgrading process is achieved via fluid catalytic cracking, during the process   the 
heavier or higher-boiling fractions from the crude oil distillation are upgraded by converting 
them into lighter and lower boiling, more valuable products.  Reforming is a catalytic process 
used to convert low octane distilled from crude oil into high-octane liquid products called 
reformates. Reforming is also known as aromatisation process, it allows the conversion of open 
chain hydrocarbons and/or cycloalkanes in the presence of a catalyst, into aromatic 
hydrocarbons containing the same number of carbon atoms. Aromatisation involves reactions 
such as dehydrogenation, cyclisation, and isomerisation. In reforming (or aromatisation), cyclic 
and acyclic alkanes with six to eight carbon atoms are exposed to a temperature of about 670 
K in the presence of palladium, platinum or nickel as catalyst. Platinum seems to be the best 
catalyst and so the process is sometimes called platforming. 
15.5 Deoxygenation and decarboxylation 
Deoxygenation is a chemical reaction that involves the removal of oxygen from a molecule.  
The process uses hydrogen and metal catalysts for deoxygenation of C-O bonds which are the 
most found in algae crude bio-oil.   Decarboxylation is a chemical reaction in which a carboxyl 
group is removed and carbon dioxide is released. Large amount of oxygen and CO2 are 
removed from the bio-oil after decarboxylation, this reduces further the carbon footprint of bio-
oil. Both are catalytic processes and are conducive with algae biomass however the operating 
costs are still high. Algae crude bio-oil contains high level of oxygen which can be disturbing 
for conversion processes. They are also used for algae bio-oil that has been transesterified 
(biodiesel) in order to remove methyl esters and allow a suitable conversion of bio-oil   into jet 
fuel.   
 15.6 Transesterification  
Transesterification consists of producing biodiesel from bio-oil. Once biodiesel is produced 
decarboxylation and deoxygenation can be used to produce high purity jet fuel (Huntley and  
Redalje, 2006). Decarboxylation or deoxygenation of methyl esters increases energy density 
of jet fuel and allows the removal of methyl esters considered as impurities in jet fuel.  
Isomerization cracking is used afterward to breakdown large hydrocarbon chains into small 
alkanes. This will assist in decreasing the higher freezing point of cracked bio-oil to the one 
required for the jet fuel (Huntley and Redalje, 2006). Generally, biodiesel from algae oil has 
high flash point, high freezing point, high density, low kinematic viscosity and high oxygen 
content compared to the ASTM requirements for aviation fuels. It is technically feasible to 
combine transesterification, deoxygenation and decarboxylation to produce jet fuel from 
microalgae but the entire process is very expensive (Huntley and Redalje, 2006).  This option 
has not yet reached the maturity to be commercially viable.  
15.7 Fractional distillation  
This process aims to separate light ends, middle ends and heavy ends carbon fractions based 
on their boiling points. Carbon fractions are separated by heating them to a temperature at 
which one or more fractions of the mixture will vaporize. This will be followed by the 
condensation of vapor phase to produce the required liquid fuel or substance 
Jet fuel is made of middle ends carbon fractions (C14 to C16), for algae bio-oil there is 
temperature range at which it is possible to collect these fractions. The temperature range 
begins from 70 OC and the end point is around 250 OC at atmospheric pressure.  This process 
is among the most important one during the process of producing any fuel. It plays an important 
role on the purity of the fuel. There is also a vacuum distillation which is used to further distil 
the residue bio-oil from the bottom of the crude oil distillation unit. It is performed at a pressure  







The potential to produce renewable energy from microalgae has reached a considerable interest 
at the present time, however, there is a need for further optimization of mass culture conditions 
and operating conditions for conversion processes to make microalgal bio-jet fuel economically 
viable and sustainable. Sewage wastewater can potentially provide cost-effective and 
sustainable means of algal growth for algae-based jet fuel in particular and other algae based-
fuels in general.  There is a potential in combining microalgae-based wastewater treatment and 
jet fuel production from the generated biomass after sewage treatment. It can happen with 
nutrient removal and jet fuel production in the same set up provided that operating conditions 
are well established and the design of the infrastructures is convenient to the type of application. 
This review has discussed various aspects related to potential benefits and limitations of using 
domestic wastewater as resource for cost-effective bio-jet fuel production. 
Microalgae are known to grow faster in water and they contain essential compounds that can 
be utilized for bio-fuel production. Domestic wastewater being rich in nutrients needed by 
microalgae can be used as medium for growth while nutrients and contaminants are being 
absorbed by microalgae species. There many advantages to use microalgae for wastewater 
treatment and produce bio-jet fuel out of the biomass produced during treatment. This option 
can be viable but wastewater should be well protected from contamination created by harmful 
toxins and toxic substances that can prevent the operation of microalgae cells in reducing the 
pollution load from wastewater. Using microalgae for domestic wastewater treatment will 
reduce the costs related to oxygen production and maintenance. Microalgae is effective in 
removing nitrates, phosphates, heavy metals, COD and BOD.  Also, microalgae strains are 
viewed as promising alternative because they contain extensive fatty acids and lipids. There is 
possibility to attain over 60% lipids after genetic modification achieved by nutrients starvation. 
Microalgae has ability to grow briskly and synthesize large amounts of TAGs and high-value 
polyunsaturated fatty acids such as eicosapentaenoic acid that can be converted in to the bio-
jet fuel for the aviation industry. Jet-fuel has 14 to 16 atoms of carbon and triacylglycerol is 
recognised for high percentage of short chain fatty acids. This key feature of this species allows 
exploring the possibility of producing bio-jet fuels from microalgae. Production of bio-jet fuel 
from microalgae requires production system to grow microalgae. The various aspects related 
to microalgae cultivation in open systems like ponds and closed system like photobioreactors 
were highlighted. Open pond systems are less expensive and require less energy but the major 
drawbacks are less efficient temperature control, usage of light, relatively larger area and risk 
of contamination. Currently high rate algal ponds such as raceway ponds   are used to remediate 
to many weaknesses observed from open ponds. They have showed great reliability and 
promise for microalgae cultivation. Photobioreactors are convenient to handle compared to 
open pond systems for mixing and mass exchange of gas or liquid; however, a major challenge 
is the use of artificial lighting. In industrial‐scale, volumes of culture medium to be prepared 
and dealt with are highly expensive, particularly when artificial seawater is used. Many 
environmental factors like light, temperature, pH, salinity and nutrients determine the 
biochemical content of cultivated microalgae. These factors have an effect on photosynthesis 
and thus carbon fixation. According to environmental conditions microalgae modify their lipid 
biosynthesis pathways in nutrient deprivation conditions. The cultivation of microalgae is 
followed by the separation biomass from the media and subsequent lipids extraction. 
Harvesting of microalgae involves the extraction of triglycerides by dewatering, drying, and 
then solvent extraction. There is no fundamental harvesting method in the current situation 
with perfect advantages of time, energy and cost. Some of the major technologies commonly 
used are centrifugation, sedimentation filtration, flocculation and flotation. Production of bio-
jet fuel from microalgae requires cost effective methods for large scale cultivation and 
harvesting systems. It is clear that technological development is still needed for better 
harvesting techniques. Possible biotechnological developments in this procedure might find an 
appropriate and economical harvesting process. Efficient method for lipid extraction is another 
key factor for bio-jet fuel production. Transesterification is used in the conventional biodiesel 
production techniques, but now there are many options available for extraction of neutral lipids. 
Alternative techniques such as catalytic Megaspores, hydrothermal liquefaction and 
gasification of the biomass and pyrolysis have been postulated. Although the total bio-fuel 
production improves significantly when both polar and non-polar lipids are used for fuel 
production. Some studies regarding this strategy making use of total lipid content for 
production of bio-fuel by direct transesterification has demonstrated promising results. Bio-jet 
fuel production from Nannochloropsis could be more cost effective in the foreseeable future 
with aid of modern harvesting technologies and extraction techniques.  
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                  APPENDIX A6 
CHARACTERISATION DATA 
FROM WEARCHECK AND 
CHEMSCIENCE LABORATORIES 
    Document no. CSL/5.10/0003 
  
First incorporated 1990 
380 Umbilo Road, Glenwood, Durban, 4001 | P.O.Box 4618, Durban 4000, Republic of South Africa 
Telephones: +27(0) 31 2061390, +27(0) 31 2051216 | Fax2email: +27(0) 88 031 2060518 | mobile: 079 300 9829 
Email: info@chemsciencelaboratories.com | website: www.chemsciencelaboratories.com 
Page 1 of 1 
 
TESTS MARKED WITH * ARE NOT SANAS ACCREDITED | Tests marked with a # are results from an approved outsourced laboratory. 
Reports relate ONLY to the samples tested and are issued in good faith. Opinions & interpretations expressed herein are outside the scope of SANAS accreditation. 
Reports may only be reproduced in full with written permission from Chem-Science Laboratories (Pty) Ltd. 






Our certificate number:    161057       Our quotation number: Q-CL4487 
Your order / reference number:  JB19117 
 
Four samples received on 13 February 2017 at 10h30, sampled by yourselves. 
Sample Markings:   Biodiesel 
     Sample 1: 3B 
     Sample 2: 5 
     Sample 3: 9 
     Sample 4: 3A 
 
Sample Description:    Liquids 
Sample Appearance:   Sample 1: Yellow turbid liquid 
     Sample 2: Clear Liquid yellow 
     Sample 3: yellow turbid liquid 
     Sample 4: colorless liquid with two layers 
Condition of sample as received: Satisfactory,  
Date testing commenced:            21 February 2017   
Date testing completed:                   21 April 2017 
   
 
 The analysis on an “as received” basis showed: 
 







Freezing Point*  ASTMD D2386 -20oC  -32 oC -30 oC -8 oC oC 
Flash Point* ASTM D93 (PMcc) 68oC 65oC 68oC 68oC oC 
Net heat of combustion* ASTM D4868 11.01 41.34 36.18 -22.10 MJ/kg 
 
Comment:   All Laboratory testing carried out as per client’s instruction, letter dated 170203. 
 
 






Signed..................VAS..................this 28th day of April 2017  ……………SG………...……   
               V A Soffiantini, Chartered Chemist;                        S. Gaffoor; Cert. Sci. Nat                                                   
C.Chem.,M.R.S.C.,Pr.Sci.Nat.              Nat. Dip. Biotechnology                   




To: Mangosuthu University of Technology  Requested by and Reported to: Joseph Bwapwa 
 Department of Nature Conservation   Email:  joseph@mut.ac.za 
  P.O Box 12363       
 Jacobs                                                                
                Durban, 4326   
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_1->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : SAMPLE 1
Brand/Grade   :    | Sample Condition: 
Container     : WEARCHECK   | Sample Volume: 300
Joseph
Sampled Date : 
Received Date: 01/12/2016
Reported Date: 02/12/2016
Test Date    : 02/12/2016
Diagnosis
1.) s/n:BS61849 on  SMR:0HRS
Insufficient sample supplied, unable to determine total contamination or capture images of debris. The
sample provided does not conform with SANS 1935 specifications with respect to the tests carried out
due to a light concentration of free water and water content by Karl Fischer is unacceptably high. 
Sulphur content exceeds SANS limits. Density too high. Viscosity is too low. TAN too high.
_____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number



















* Not An Accredited SANAS Method
























Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_2->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: 
Container     : WEARCHECK   | Sample Volume: 400
Joseph
Sampled Date : 
Received Date: 01/12/2016
Reported Date: 02/12/2016
Test Date    : 02/12/2016
Diagnosis
1.) s/n:BS61841 on  SMR:0HRS
The full range of tests could not be carried out due to the nature of the sample. The sample provided 
does not conform with SANS 1935 specifications with respect to the tests carried out due to a light 
concentration of free water and water content by Karl Fischer is unacceptably high. Sulphur content 





















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number




















* Not An Accredited SANAS Method
























Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_3->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: 
Container     : WEARCHECK   | Sample Volume: 400
Joseph
Sampled Date : 
Received Date: 01/12/2016
Reported Date: 02/12/2016
Test Date    : 02/12/2016
Diagnosis
1.) s/n:BS61843 on  SMR:0HRS
The full range of tests could not be carried out due to the nature of the sample. The sample 
provided does not conform with SANS 1935 specifications with respect to the tests carried 
out due to the presence of free water and water content by Karl Fischer is unacceptably high. 
Sulphur content exceeds SANS limits. Density too low. Viscosity is too low.
_____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number




















* Not An Accredited SANAS Method
























Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_3->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: GOOD
Container     : WEARCHECK   | Sample Volume: 420
Joseph
Sampled Date : 
Received Date: 09/01/2017
Reported Date: 10/01/2017
Test Date    : 10/01/2017
Diagnosis
1.) s/n:BS62114 on  SMR:0HRS
The sample provided does not conform with SANS 1935 specifications with respect to the 
tests carried out. Water content by Karl Fischer is unacceptably high. Sulphur content 
exceeds SANS limits. Density too high. Viscosity is too low. _____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number




















* Not An Accredited SANAS Method
























Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_4->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : SAMPLE 4
Brand/Grade   :    | Sample Condition: 
Container     : WEARCHECK   | Sample Volume: 390
Joseph
Sampled Date : 
Received Date: 01/12/2016
Reported Date: 02/12/2016
Test Date    : 02/12/2016
Diagnosis
1.) s/n:BS61842 on  SMR:0HRS
The full range of tests could not be carried out due to the nature of the sample. The sample provided 
does not conform with SANS 1935 specifications with respect to the tests carried out due to a 
moderate concentration of free water and water content by Karl Fischer is unacceptably high. Sulphur 
content exceeds SANS limits. Viscosity is too low. Total contamination mass exceeds SANS limits.
_____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number




















* Not An Accredited SANAS Method
























Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_5->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: 
Container     : WEARCHECK   | Sample Volume: 300
Joseph
Sampled Date : 
Received Date: 01/12/2016
Reported Date: 02/12/2016
Test Date    : 02/12/2016
Diagnosis
1.) s/n:BS61840 on  SMR:0HRS
Insufficient sample supplied to carry out a full range of tests. The sample provided does not 
conform with SANS 1935 specifications with respect to the tests carried out due to the 
presence of free water and water content by Karl Fischer is unacceptably high. Sulphur 
content exceeds SANS limits. Density too high. Viscosity is too low. .
_____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number



















* Not An Accredited SANAS Method
























Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_5->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: GOOD
Container     : WEARCHECK   | Sample Volume: 470
Joseph
Sampled Date : 
Received Date: 09/01/2017
Reported Date: 09/01/2017
Test Date    : 09/01/2017
Diagnosis
1.) s/n:BS62115 on  SMR:0HRS
The sample provided does not conform with SANS 1935 specifications with respect to the tests 
carried out due to a light concentration of free water and water content by Karl Fischer is 
unacceptably high. Sulphur content exceeds SANS limits too high. Viscosity is too high. Total 





















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number





















* Not An Accredited SANAS Method





















































































Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_6->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: 
Container     : WEARCHECK   | Sample Volume: 310
Joseph
Sampled Date : 
Received Date: 01/12/2016
Reported Date: 02/12/2016
Test Date    : 02/12/2016
Diagnosis
1.) s/n:BS61844 on  SMR:0HRS
Insufficient sample supplied, unable to determine total contamination or capture images of 
debris. The sample provided does not conform with SANS 1935 specifications with respect to
the tests carried out due to the presence of free water and water content by Karl Fischer is 
unacceptably high. Sulphur content exceeds SANS limits. Density too low. Viscosity is.
_____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number



















* Not An Accredited SANAS Method
























Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_6->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: GOOD
Container     : WEARCHECK   | Sample Volume: 480
Joseph
Sampled Date : 
Received Date: 09/01/2017
Reported Date: 10/01/2017
Test Date    : 10/01/2017
Diagnosis
1.) s/n:BS62111 on  SMR:0HRS
The sample provided does not conform with SANS 1935 specifications with respect to the tests 
carried out due to a light concentration of free water and water content by Karl Fischer is 
unacceptably high. Sulphur content exceeds SANS limits . Viscosity is too high. Total contamination 





















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number





















* Not An Accredited SANAS Method
























Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_7->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: 
Container     : WEARCHECK   | Sample Volume: 420
Joseph
Sampled Date : 
Received Date: 01/12/2016
Reported Date: 02/12/2016
Test Date    : 02/12/2016
Diagnosis
1.) s/n:BS61845 on  SMR:0HRS
The full range of tests could not be carried out due to the nature of the sample. The sample 
provided does not conform with SANS 1935 specifications with respect to the tests carried 
out due to the presence of free water and water content by Karl Fischer is unacceptably high. 
Sulphur content exceeds SANS limits. Density too low. Viscosity is too low.
_____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number




















* Not An Accredited SANAS Method





















































































Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_7->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: GOOD
Container     : WEARCHECK   | Sample Volume: 465
Joseph
Sampled Date : 
Received Date: 09/01/2017
Reported Date: 09/01/2017
Test Date    : 09/01/2017
Diagnosis
1.) s/n:BS62112 on  SMR:0HRS
The sample provided does not conform with SANS 1935 specifications with respect to the 
tests carried out due to a light concentration of free water. Sulphur content exceeds SANS 
limits. Density too low. Viscosity is too low. Total contamination mass exceeds SANS limits. 
Flash point too low. .
_____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number





















* Not An Accredited SANAS Method





















































































Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_8->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : SAMPLE 8
Brand/Grade   :    | Sample Condition: 
Container     : WEARCHECK   | Sample Volume: 300
Joseph
Sampled Date : 
Received Date: 01/12/2016
Reported Date: 02/12/2016
Test Date    : 02/12/2016
Diagnosis
1.) s/n:BS61846 on  SMR:0HRS
Insufficient sample supplied, unable to determine total contamination or capture images of 
debris. The sample provided does not conform with SANS 1935 specifications with respect to 
the tests carried out due to the presence of free water and water content by Karl Fischer is 
unacceptably high. Sulphur content exceeds SANS limits. Density too high. Viscosity = too low.
_____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number



















* Not An Accredited SANAS Method
























Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_8->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: GOOD
Container     : WEARCHECK   | Sample Volume: 465
Joseph
Sampled Date : 
Received Date: 09/01/2017
Reported Date: 09/01/2017
Test Date    : 09/01/2017
Diagnosis
1.) s/n:BS62113 on  SMR:0HRS
The sample provided does not conform with SANS 1935 specifications with respect to the 
tests carried out. Sulphur content exceeds SANS limits. Density too high. Viscosity is too 
high. Flash point too low. _____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number





















* Not An Accredited SANAS Method





















































































Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_9->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: 
Container     : WEARCHECK   | Sample Volume: 300
Joseph
Sampled Date : 
Received Date: 01/12/2016
Reported Date: 02/12/2016
Test Date    : 02/12/2016
Diagnosis
1.) s/n:BS61847 on  SMR:0HRS
Insufficient sample supplied, unable to determine total contamination or capture images of 
debris. The sample provided does not conform with SANS 1935 specifications with respect to
the tests carried out due to the presence of free water and water content by Karl Fischer is 
unacceptably high. Sulphur content exceeds SANS limits. Density too high. Viscosity = light.
_____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number



















* Not An Accredited SANAS Method
























Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: <none>
Equipment Name: SAMPLE_9->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: GOOD
Container     : WEARCHECK   | Sample Volume: 500
Joseph
Sampled Date : 
Received Date: 09/01/2017
Reported Date: 09/01/2017
Test Date    : 09/01/2017
Diagnosis
1.) s/n:BS62110 on  SMR:0HRS
The sample provided does not conform with SANS 1935 specifications with respect to the 
tests carried out due to a moderate concentration of free water and water content by Karl 
Fischer is unacceptably high. Sulphur content exceeds SANS limits. Flash point too low. _____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number





















* Not An Accredited SANAS Method





















































































Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.
WEARCHECK IS AN ISO 9001:2008 / ISO 14001:2004 / ISO 17025:2005 REGISTERED COMPANY
KWAZULU-NATAL GAUTENG
P O Box 15108 P O Box 284
Westmead Isando
3608 1600
Tel: 031 700 5460 Tel: 011 392 6322
Fax: 031 700 5471 Fax: 011 392 6340
BIODIESEL
Fuel Analysis Report 
SANS 17025:2005
FAIL Company Name : Wearcheck Africa - Sundry Fuels - PinetownCustomer Code : FSUNDY   | Site: JOSEPH_MANGOSUTHU_UNIV
Equipment Name: JOSEPH_MANGOSUTHU_UNIV_BIO_DIESEL_SAMPLE_10->FUEL
Chassis/Serial: 
Registration  : 
Eq Make/Model : 
Cmp Make/Model: 
Job No        : 
Brand/Grade   :    | Sample Condition: GOOD
Container     : WEARCHECK   | Sample Volume: 440
Joseph
Sampled Date : 
Received Date: 09/01/2017
Reported Date: 09/01/2017
Test Date    : 09/01/2017
Diagnosis
1.) s/n:BS62116 on  SMR:0HRS
The sample provided does not conform with SANS 1935 specifications with respect to the 
tests carried out due to a light concentration of free water and water content by Karl Fischer 
is unacceptably high. Sulphur content exceeds SANS limits too high. Viscosity is too high. 
Total contamination mass exceeds SANS limits. Flash point too low.
_____________________________________
Technical Signatory:Loshini Govender

















Density @15 ºC (ASTM D7042)*
Viscosity@40°C (ASTM D7042)*
Flashpoint (ASTM D93)*
Water Content (ASTM D6304)
Total Acid Number





















* Not An Accredited SANAS Method





















































































Iron     : Silicon  : 
Aluminium: Manganese: 
Magnesium: Sodium   : 
Zinc     : Vanadium : 






















Issued subject to Standard Conditions(available on request). NOTE: The results relate only to the sample tested - the opinions and interpretation expressed are outside
the scope of the accreditation. Uncertainty of the methods are available on request. Where a test method is quoted, it is taken to mean that the test carried out is closely
based on, but may not conform exactly to, the quoted method. The test report shall not be reproduced except in full, without written approval of the laboratory.




Purified algae bio-crude oil
Non-purified biocrude-oil 
Crude bio-oil+ Jet A1 :  B50 
Agae Jet fuel 100%
Jet A1 + Algae Jet fuel : B20
Jet A1+ Algae Jet fuel :B20  reverse




cSt ºC % m gKOH/g m g/Kg ppm %
Dens ity @15 ºC (ASTM D7042)*Viscos ity@40°C (ASTM D7042)* Flashpoint (ASTM D93)* Water  Content (ASTM D6304) Total Acid Num ber Total Contam ination (IP440/SANS 52662)*Sulphur  (A TM D4294)* Sulphur
1,1948 1,4 1 1,6 2395 0,2395
1,349 0,8 30 3,551 1,15 16266,7 3236 0,3236
0,9925 1,2 0,75 0,9 365 2277 0,2277
 2712




 / / 34
8648   0,107 0,01 144 0,0144
 127
0.86-0.9 3.5 - 5 120 m in 0.05 m ax 0.5 m ax 24 m ax 10 m ax
1.3776 0.4 0.077 0.05 7.6 0.2712
0.9001 9.7 0.207 0.07 0.0219
0.8727 5.3 0.089 0.03 0.0159
0.8294 2.3 / 4.6 0.037 0.05 30.0/ 0.0052
0.9095 11.1/ 5.5 0.048 0.08 0.0034
4.5













  Jet A1 + Crude bio-oil  : B20
Algae Jet fuel + Diesel : B50 
Algae Jet fuel + Jet A1 : B50 









(20% Jet A1 + 80% Algae jet) volume
(equal volumes) 





0,015 N.D 3000 0,3






APPENDIX A7  
CHROMATOGRAPHS FROM 




===== Analytical Line 1 =====
[GC-2010]
 Column Oven Temp. :50.0 °C
 Injection Temp. :250.00 °C
 Injection Mode :Splitless
 Sampling Time :0.00 min
 Flow Control Mode :Linear Velocity
 Pressure :45.5 kPa
 Total Flow :66.9 mL/min
 Column Flow :0.90 mL/min
 Linear Velocity :34.4 cm/sec
 Purge Flow :3.0 mL/min
 Split Ratio :70.0
 High Pressure Injection :OFF
 Carrier Gas Saver :OFF
Oven Temp. Program
    Rate Temperature(°C) Hold Time(min)
     - 50.0 1.00
    4.00 300.0 5.00
< Ready Check Heat Unit >
       Column Oven : Yes
       SPL2 : Yes
       MS : Yes
< Ready Check Detector(FTD/BID) >
< Ready Check Baseline Drift >
< Ready Check Injection Flow >
       SPL2 Carrier : Yes
       SPL2 Purge : Yes
< Ready Check APC Flow >
< Ready Check Detector APC Flow >
 External Wait :No
 Equilibrium Time :3.0 min
[GC Program]
[GCMS-QP2010 Ultra]
 IonSourceTemp :250.00 °C
 Interface Temp. :280.00 °C
 Solvent Cut Time :2.50 min
 Detector Gain Mode :Absolute
 Detector Gain :0.80 kV
 Threshold :1000
[MS Table]
 --Group  1 - Event  1--
 Start Time :2.50min
 End Time :68.50min
 ACQ Mode :Scan
 Event Time :0.30sec
 Scan Speed :1428
 Start m/z :50.00
 End m/z :450.00
 Sample Inlet Unit :GC
[MS Program]
 Use MS Program :OFF
Chromatogram powder C:\GCMSsolution\Data\Xoli\Joseph- DUT- PHD\powder.qgd
min
1,485,481




















































































































 Peak#  R.Time Area% Height%  Name 
 1  2.926  1.06  1.19  1,4-Cyclohexadiene 
 2  3.489  1.05  1.38  Ethanamine, 2-chloro-N,N-dimethyl- 
 3  3.739  6.07  3.74  Toluene 
 4  11.329  0.91  1.11  1H-Pyrrole, 2-ethyl-4-methyl- 
 5  14.363  0.65  0.79  1H-Pyrrole, 4-ethyl-2,3-dimethyl- 
 6  20.080  0.65  0.92  Undecane, 4,7-dimethyl- 
 7  25.920  0.95  1.45  1-Pentadecene 
 8  26.517  1.96  3.09  Tetradecane 
 9  35.898  1.07  1.37  2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R*-(E)]]- 
 10  36.088  20.17  22.41  Phytol, acetate 
 11  36.218  2.24  3.32  2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R*-(E)]]- 
 12  36.666  1.42  1.95  3,7,11,15-Tetramethyl-2-hexadecen-1-ol 
 13  37.157  9.36  10.58  E-6-Octadecen-1-ol acetate 
 14  37.673  0.68  0.62  Oxirane, hexadecyl- 
 15  39.218  4.26  2.40  Palmitoleic acid 
 16  39.757  7.40  4.22  Pentadecanoic acid 
 17  39.900  0.94  0.65  Nonanamide 
 18  41.376  2.23  2.23  i-Propyl 11,12-methylene-octadecanoate 
 19  41.868  3.09  3.18  Octadecanoic acid, 2-propenyl ester 
 20  44.113  0.90  0.78  9-Octadecenamide, (Z)- 
 21  44.532  1.48  1.50  Octadecanamide 
 22  45.745  0.54  0.63  9-Octadecenoic acid, 1,2,3-propanetriyl ester, (E,E,E)- 
 23  49.111  0.55  0.75  Doconexent 
 24  50.298  1.61  1.41  Oleoyl chloride 
 25  50.676  3.37  2.68  Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester 
 26  54.110  0.90  1.04  Z-14-Octadecen-1-ol acetate 
 27  54.513  1.02  1.41  Bacteriochlorophyll-c-stearyl 
 28  55.210  1.36  1.93  1,4-Eicosadiene 
 29  55.842  0.41  0.56  Cholest-5-en-3-ol (3.beta.)-, tetradecanoate 
 30  56.499  0.41  0.52  5-Tetradecen-3-yne, (Z)- 
 31  57.569  0.57  0.71  Cholesta-2,4-diene 
 32  57.674  1.51  1.92  (Z)-14-Tricosenyl formate 
 33  57.797  0.56  0.63  Cholesta-4,6-dien-3-ol, (3.beta.)- 
 34  58.040  0.70  0.77  Hexadecanedinitrile 
 35  58.154  2.22  2.45  Cholesta-3,5-diene 
 36  62.001  10.25  9.04  Cholesterol 
 37  62.150  2.90  3.06  Vitamin E 
 38  62.606  1.18  0.92  17-Pentatriacontene 
 39  65.485  1.38  0.70  Fucosterol 
 100.00  100.00 
Method
[Comment]
===== Analytical Line 1 =====
[GC-2010]
 Column Oven Temp. :50.0 °C
 Injection Temp. :250.00 °C
 Injection Mode :Splitless
 Sampling Time :0.00 min
 Flow Control Mode :Linear Velocity
 Pressure :45.5 kPa
 Total Flow :66.9 mL/min
 Column Flow :0.90 mL/min
 Linear Velocity :34.4 cm/sec
 Purge Flow :3.0 mL/min
 Split Ratio :70.0
 High Pressure Injection :OFF
 Carrier Gas Saver :OFF
Oven Temp. Program
    Rate Temperature(°C) Hold Time(min)
     - 50.0 1.00
    4.00 300.0 5.00
< Ready Check Heat Unit >
       Column Oven : Yes
       SPL2 : Yes
       MS : Yes
< Ready Check Detector(FTD/BID) >
< Ready Check Baseline Drift >
< Ready Check Injection Flow >
       SPL2 Carrier : Yes
       SPL2 Purge : Yes
< Ready Check APC Flow >
< Ready Check Detector APC Flow >
 External Wait :No
 Equilibrium Time :3.0 min
[GC Program]
[GCMS-QP2010 Ultra]
 IonSourceTemp :250.00 °C
 Interface Temp. :280.00 °C
 Solvent Cut Time :2.50 min
 Detector Gain Mode :Absolute
 Detector Gain :0.80 kV
 Threshold :1000
[MS Table]
 --Group  1 - Event  1--
 Start Time :2.50min
 End Time :68.50min
 ACQ Mode :Scan
 Event Time :0.30sec
 Scan Speed :1428
 Start m/z :50.00
 End m/z :450.00
 Sample Inlet Unit :GC
[MS Program]
 Use MS Program :OFF
Chromatogram Crude oil_ C:\GCMSsolution\Data\Xoli\Joseph- DUT- PHD\Crude oil_.qgd
min
1,054,374












































































 Peak#  R.Time Area% Height%  Name 
 1  2.911  0.94  1.60  1,4-Cyclohexadiene 
 2  25.912  0.55  1.24  3-Hexadecene, (Z)- 
 3  26.513  2.39  5.14  Tetradecane 
 4  31.672  0.61  1.21  3-Hexadecene, (Z)- 
 5  34.541  2.27  2.86  Tetradecanoic acid 
 6  36.045  6.27  12.31  Phytol, acetate 
 7  36.202  0.62  1.29  2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R*-(E)]]- 
 8  37.132  3.08  4.92  3,7,11,15-Tetramethyl-2-hexadecen-1-ol 
 9  38.256  2.04  4.25  Hexadecanoic acid, methyl ester 
 10  39.152  9.77  5.61  Palmitoleic acid 
 11  39.868  39.18  19.14  Pentadecanoic acid 
 12  41.385  1.02  2.14  9-Octadecenoic acid, 1,2,3-propanetriyl ester, (E,E,E)- 
 13  41.895  5.87  9.89  Octadecanoic acid, 2-propenyl ester 
 14  42.290  0.99  1.67  9,12-Octadecadien-1-ol, (Z,Z)- 
 15  44.172  2.82  3.18  Octadecanoic acid 
 16  45.635  0.81  1.57  Isopropyl linoleate 
 17  45.939  0.85  1.22  Ethyl iso-allocholate 
 18  46.103  1.35  2.12  5,8,11,14,17-Eicosapentaenoic acid, methyl ester, (all-Z)- 
 19  49.968  1.85  3.32  4,7,10,13,16,19-Docosahexaenoic acid, methyl ester, (all-Z)- 
 20  50.276  0.68  0.89  cis-9-Hexadecenal 
 21  50.645  1.94  2.34  Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester 
 22  58.135  0.77  1.45  Cholesta-3,5-diene 
 23  61.943  5.75  7.28  Cholesterol 
 24  62.120  0.55  0.67  Vitamin E 
 25  64.970  7.04  2.67  Eicosanoic acid, 2-[(1-oxohexadecyl)oxy]-1-[[(1-oxohexadecyl)oxy]methyl]ethyl ester 
 100.00  100.00 
Chromatogram Crude oil_ C:\GCMSsolution\Data\Xoli\Joseph- DUT- PHD\Crude oil_.qgd
min
1,054,374











































































 Peak#  R.Time Area% Height%  A/H  Name 
 1  2.911  0.94  1.60  3.83  1,4-Cyclohexadiene 
 2  25.912  0.55  1.24  2.88  3-Hexadecene, (Z)- 
 3  26.513  2.39  5.14  3.02  Tetradecane 
 4  31.672  0.61  1.21  3.30  3-Hexadecene, (Z)- 
 5  34.541  2.27  2.86  5.13  Tetradecanoic acid 
 6  36.045  6.27  12.31  3.30  Phytol, acetate 
 7  36.202  0.62  1.29  3.10  2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R*-(E)]]- 
 8  37.132  3.08  4.92  4.06  3,7,11,15-Tetramethyl-2-hexadecen-1-ol 
 9  38.256  2.04  4.25  3.11  Hexadecanoic acid, methyl ester 
 10  39.152  9.77  5.61  11.29  Palmitoleic acid 
 11  39.868  39.18  19.14  13.26  Pentadecanoic acid 
 12  41.385  1.02  2.14  3.09  9-Octadecenoic acid, 1,2,3-propanetriyl ester, (E,E,E)- 
 13  41.895  5.87  9.89  3.85  Octadecanoic acid, 2-propenyl ester 
 14  42.290  0.99  1.67  3.85  9,12-Octadecadien-1-ol, (Z,Z)- 
 15  44.172  2.82  3.18  5.74  Octadecanoic acid 
 16  45.635  0.81  1.57  3.35  Isopropyl linoleate 
 17  45.939  0.85  1.22  4.47  Ethyl iso-allocholate 
 18  46.103  1.35  2.12  4.11  5,8,11,14,17-Eicosapentaenoic acid, methyl ester, (all-Z)- 
 19  49.968  1.85  3.32  3.60  4,7,10,13,16,19-Docosahexaenoic acid, methyl ester, (all-Z)- 
 20  50.276  0.68  0.89  4.92  cis-9-Hexadecenal 
 21  50.645  1.94  2.34  5.36  Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester 
 22  58.135  0.77  1.45  3.43  Cholesta-3,5-diene 
 23  61.943  5.75  7.28  5.12  Cholesterol 
 24  62.120  0.55  0.67  5.29  Vitamin E 
 25  64.970  7.04  2.67  17.09  Eicosanoic acid, 2-[(1-oxohexadecyl)oxy]-1-[[(1-oxohexadecyl)oxy]methyl]ethyl ester 
 100.00  100.00 
Method
[Comment]
===== Analytical Line 1 =====
[GC-2010]
 Column Oven Temp. :50.0 °C
 Injection Temp. :250.00 °C
 Injection Mode :Splitless
 Sampling Time :0.00 min
 Flow Control Mode :Linear Velocity
 Pressure :53.5 kPa
 Total Flow :74.0 mL/min
 Column Flow :1.00 mL/min
 Linear Velocity :36.3 cm/sec
 Purge Flow :3.0 mL/min
 Split Ratio :70.0
 High Pressure Injection :OFF
 Carrier Gas Saver :OFF
Oven Temp. Program
    Rate Temperature(°C) Hold Time(min)
     - 50.0 1.00
    4.00 300.0 5.00
< Ready Check Heat Unit >
       Column Oven : Yes
       SPL2 : Yes
       MS : Yes
< Ready Check Detector(FTD/BID) >
< Ready Check Baseline Drift >
< Ready Check Injection Flow >
       SPL2 Carrier : Yes
       SPL2 Purge : Yes
< Ready Check APC Flow >
< Ready Check Detector APC Flow >
 External Wait :No
 Equilibrium Time :3.0 min
[GC Program]
[GCMS-QP2010 Ultra]
 IonSourceTemp :250.00 °C
 Interface Temp. :280.00 °C
 Solvent Cut Time :2.50 min
 Detector Gain Mode :Absolute
 Detector Gain :0.80 kV
 Threshold :1000
[MS Table]
 --Group  1 - Event  1--
 Start Time :2.50min
 End Time :68.50min
 ACQ Mode :Scan
 Event Time :0.30sec
 Scan Speed :1428
 Start m/z :50.00
 End m/z :450.00
 Sample Inlet Unit :GC
[MS Program]
 Use MS Program :OFF
Chromatogram Purified oil_350-250 split 30 C:\GCMSsolution\Data\Xoli\Joseph- DUT- PHD\Purified oil_350-250 split 30.qgd
min
1,058,132






















































































 Peak#  R.Time Area% Height%  Name 
 1  13.858  3.47  1.72  1-Phenyl-1-butene 
 2  17.291  1.17  1.56  trans-1-Phenyl-1-pentene 
 3  19.120  1.05  1.53  1,3,14,16-Nonadecatetraene 
 4  22.212  0.62  1.11  7-Phenyl-n-heptanol 
 5  26.236  0.56  1.24  Undecane, 4,7-dimethyl- 
 6  28.234  0.68  1.30  Doconexent 
 7  29.932  1.82  3.85  Benzene, 3-hexenyl- 
 8  30.608  0.77  1.63  [4.4.2]Propella-3,8,11-triene 
 9  31.384  2.59  5.24  Benzene, 6-heptynyl- 
 10  32.236  2.09  4.26  Benzene, 1-octenyl- 
 11  33.409  2.21  4.48  1,3,5,7-Cyclooctatetraene, 1-butyl- 
 12  39.614  29.93  15.55  Pentadecanoic acid 
 13  39.996  0.72  1.45  Tricyclo[7.4.0.0(3,8)]tridec-12-en-2-one, 5,6-epoxy-4-methyl-1-(2-propynyl)- 
 14  41.146  0.79  1.42  Tricyclo[6.6.0.0(3,6)]tetradeca-1(8),4,11-triene 
 15  41.595  1.56  2.96  Octadecanoic acid, 2-propenyl ester 
 16  41.700  0.65  1.32  9-Tricosene, (Z)- 
 17  43.509  18.81  10.93  9,12-Octadecadienoic acid, methyl ester 
 18  43.600  11.22  10.87  9-Octadecenoic acid, (E)- 
 19  43.984  2.98  2.72  Octadecanoic acid 
 20  45.551  2.79  4.22  Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester 
 21  46.478  1.40  2.84  Hexadecanoic acid, 1-(hydroxymethyl)-1,2-ethanediyl ester 
 22  49.111  0.79  1.44  9,12-Octadecadienoic acid (Z,Z)-, 2-hydroxy-1-(hydroxymethyl)ethyl ester 
 23  55.072  1.67  1.10  8-Hexadecenal, 14-methyl-, (Z)- 
 24  56.621  1.81  3.65  Squalene 
 25  57.844  2.66  4.87  Cholesta-3,5-diene 
 26  60.561  1.31  1.85  .gamma.-Tocopherol 
 27  61.185  2.87  3.45  Stigmasta-4,7,22-trien-3.alpha.-ol 
 28  61.840  1.01  1.46  Vitamin E 
 100.00  100.00 
